UNCLASSIFIED 


_ AD  NUMBER _ 

AD489455 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors;  Critical  Technology;  AUG 
1966.  Other  requests  shall  be  referred  to  Air 
Force  Flight  Dynamics  Laboratory,  Attn:  FDCL, 
Wright -Patterson  AFB,  OH  45433.  This  document 
contains  export-controlled  technical  data. 


_ AUTHORITY 

AFFDC  ltr,  25  Apr  1972 


THIS  PAGE  IS  UNCLASSIFIED 


489455 


->J 

Af-Tflt-TR-a-iai 


DESI6N  STUDY 
TOR  A 

FLIGHTWORTHY  PNEUMO-MECHANICAL 
SERVOMECHANISM 


R.  G.  Rood,  K.  W.  Verge 

Research  Loborotories  Division 
The  Bendix  Corporation 

TECHNICAL  REPORT  AFFDL-TR-66-  131 
August  1966 


THIS  DOCUMENT  IS  SUBJECT  TO  SPECIAL  EXPORT  CONTROLS  AND  EACH  TRANS¬ 
MITTAL  TO  FOREION  GOVERNMENTS  OR  FOREION  NATIONALS  MAY  BE  MADE 
ONLY  WITH  PRIOR  APPROVAL  OF  THE  AIR  FORCE  FLIOHT  DYNAMICS  LABORA¬ 
TORY  (FDCU  WRIOHT*  PATTERSON  AIR  FOf^CE  BASE,  DAYTON,  OHIO  4S4JS. 


Air  F ere#  Flight  Dynamics  Laboratory 
Research  and  Technology  Division 
Air  Foret  Systems  Command 
Wright -Peterson  Air  Force  Base,  Ohio  45433 

BPSN:  6  (618236  -  62405334) 


NOTICES 


V/hen  Government  drawings,  specifications,  or  other  data  are  used 
for  any  purpose  other  than  in  connection  with  a  definitely  related  Govern¬ 
ment  procurement  operation,  the  United  States  Government  thereby  incur 
no  responsibility  nor  any  obligation  whatsoever;  and  the  fact  that  the 
Government  may  have  formulated,  furnished,  or  in  any  way  supplied  the 
•aid  drawings,  specifications,  or  other  data,  is  not  to  be  regarded  by 
implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to 
manufacture,  use,  or  sell  any  patented  invention  that  may  in  anyway  be 
related  thereto. 

Copies  of  this  report  should  not  be  returned  to  the  Research  and 
Technology  Division  tinless  return  is  required  by  security  considerations 
contractual  obligations,  or  notice  on  a  specific  document. 


DESIGN  STUDY 
FOR  A 

FLIGHTWORTHY  PNEUMO-MECHANICAL 
SERVOMECHANISM 


R.  G.  Reod,  K.  W.  Ver g« 


THIS  DOCUMENT  IS  SUBJECT  TO  SPECIAL  EXPORT  CONTROLS  AND  EACH  TRANS' 
MITTAL  TO  FOREIGN  GOVERNMENTS  OR  FOREIGN  NATIONALS  MAY  BE  MADE 
ONLY  WITH  PRIOR  APPROVAL  OF  THE  AIR  FORCE  FLIGHT  DYNAMICS  LABORA- 
TORY  (FDCLI  WRIGHT  -  PATTERSON  AjR  FORCE  BASE,  DAYTON,  OHIO  45433. 


FOREWORD 


This  report,  dated  August  1,  1966  prepared  by  The  Bendix 
Corporation,  Research  Laboratories  Division,  Southfield,  Michigan  is 
the  final  report  defining  the  results  of  a  design  study  for  a  flight¬ 
worthy  low  pressure  pneumo-mechanical  servomechanism  for  actua¬ 
tion  of  flight  control  surfaces.  This  work  was  accomplished  during 
the  period  of  November  1,  1965  to  August  1966,  under  Air  Force 
Contract  AF  33(61  5)-3309  Task  Number  822604  sponsored  by  the  Air 
For-  Flight  Dynamics  Laboratory  of  the  Research  and  Technology 
Division,  Wright-Patterson  Air  Force  Base,  Ohio.  This  program  was 
administered  under  the  direction  of  Mr.  James  Hall,  of  the  Air  Force 
Flight  Dynamics  Laboratory,  FDCL.  The  work  was  conducted  at  the 
Bendix  Research  Laboratories  Division  in  the  Energy  Conversion  and 
Dynamic  Controls  Laboratory,  managed  by  Mr.  L.  B.  Taplin.  The 
project  was  directed  by  Mr.  K.  W.  Verge,  Assistant  Department  Head, 
Flight  Controls  Department,  with  Mr.  R.  G.  Read,  Senior  Engineer 
assigned  as  Project  Supervisor. 

Publication  of  this  technical  report  does  not  constitute  Air  Force 
approval  of  the  finding*  or  conclusions  stated  in  the  report.  It  is 
published  only  for  the  exchange  and  stimulation  of  ideas. 

Foreign  announcement  and  dissemination  of  this  report  by  DDC 
not  authorized.  U.S.  Government  agencies  may  obtain  copies  of  this 
report  direct  from  DDC.  Other  qualified  users  shall  request  through 
Bendix  Research  Laboratories,  Southfield,  Michigan  48076. 
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ABSTRACT 


i 

Vv 


Thi«  is  a  final  report  defining  the  results  of  a  design  study  for  a 
flightworthy  low  pressure  pneumo-mechanical  servomechanism  for 
actuation  of  flight  control  surfaces. 

* 

The^gesign  concept  presented  is  the  unique  DYNAVECTOR 
Actuator.  Model  PH-370-B1,  designed  for  installation  into  a  F101B 
test  vehicle  in  parallel  with  the  existing  hydraulic  rudder  control  sys¬ 
tem.  The  DYNAVECTOR  Actuator  is  an  integrated  motor-epicyclic 
transmission  servomechanism  capable  of  meeting  all  specified  perfor¬ 
mance  requirements  when  operating  on  50  psig  compressor  bleed  air. 

The  analyses  conducted  during  this  study  have  established  the 
characteristics  and/or  requirements  of  the  following: 

•  Duty  cycle  and  power  supply  characteristics 

a  Servo  system  characteristics 

•  Reliability  and  failure  mode  characteristics 

•  Bleed  air  consumption  requirements 

•  Qualification  test  requirements 

•  Assembly  and  components  design  requirements 

The  conclusions  of  this  study  confirm  the  feasibility  of  a  low  pres¬ 
sure  DYNAVECTOR  Rudder  Actuator. 


a 


*  Trademark  of  The  Bendix  Corporation 

The  Bendix  Corporation  has  a  patent  application  pending  on  this  device. 
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NOMEN' 


■  Spool  end  area,  In 

■  Control  port  throat  area,  In* 

■  Valve  feedback  orifice  area,  in* 

■  Vortex  valve  exit  area,  In* 

■  Valve  feedback  port  area,  In* 

■  Commutation  area,  In* 

■  Leakage  area.  In* 

■  Streae  area,  In* 

•  Nonale  ramp  annular  area.  In* 

■  Cylinder  pteton  effective  area,  in* 

■  Annular  area  between  a  pool  and  bore.  In* 

■  Valve  aupply  area.  In* 

■  Automatic  valve  feedback  output,  paid 

■  Gear  face  width.  In, 

■  Output  gear  face  width,  in. 

■  Reaction  gear  face  width,  in. 

■  Thermodynamic  coefficient,  deg*^/eec 

■  Dlecharge  coefficient 

■  Number  of  dleplacement  c  ham  be  r  e 

■  dp  ring  mean  diameter,  in. 

■  Motor  dleplacement,  in*/rev 

■  Gear  diametral  pitch 

■  Gear  pitch  diameter.  In. 

■  Platon  diameter,  In. 

■  Diameter  on  which  clutch  gear  force  acte,  In. 

■  Motor  dleplacement,  ln*/rad 

■  Wire  diameter,  In. 

■  Eccentricity,  in. 

■  Hydraulic  cylinder  output  force,  lb 

■  friction  force,  lb 

■  Clutch  kickoff  eprlng  force,  lb 

■  Normal  force,  lb 

•  Clutch  platon  force,  lb 


F§  ■  Gear  aeparatlng  force,  lb 

rt  ■  Tangential  force,  lb 

r  ■  Tenalon  eprlng  force,  ti> 
te  r 

t  •  Frequency,  epe 

G  ■  Servovalve  tranefer  function 

•  A  Ml 

g  •  Volumetric  flow  constant,  in  /sec-lb 

K  ■  5FC  constant,  HP -HR' lb- in 

K  ■  Automatic  valve  amplifier  gain,  pet /pel 

*  3 

Kj  ■  Gas  density  constant,  lb-min/in  -see 

■  Automatic  valve  feedback  gain,  pei/rad 

■  Servovalve  gain,  ln/pel 

K  ■  Vortex  gain  factor 
v 

k  ■  Gas  specific  heat  ratio 

f  ■  Length  of  dleplacement  chamber,  in. 

ig  •  Input  linkage  length  between  manual  valve 
and  pilot  input  point,  in. 

ig  ■  Input  linkage  length  between  manual  valve 
and  power  actuator  centerline,  in. 

M  ■  Spool  mass,  lb-eec'V'ln 

M(  ■  Mach  number  -  tangential,  outer  wall 

N  ■  Number  of  teeth 

N’  ■  Transmission  ratio 

Nj  ■  Load  speed,  ryrm 

N  ■  Zero  load  speed,  rpm 

ID 

P  ■  Automatic  valve  amplifier  output,  paid 

■  Control  pressure,  psla 
P^  ■  Ambient  pressure,  pels 
Pg  ■  Feedback  pressure,  psla 

P^  ■  Pressure  at  inside  of  vortex  exit,  psla 

P  ■  Pressure  at  outer  wall  of  vortex,  psla 
o 

P(  •  Supply  pressure,  psla 

Pj  ■  Upstream  motor  pressure  at  valve  port,  psla 

P  ■  Downstream  motor  pressure  at  valve  port,  pall 
£ 

P j  ■  Upstream  prossure  inside  motor,  psla 


NOMENCLATURE 


lk 

ib 

kctlcm 

.  .  </  .J/2 

int,  In  /aec-lb 
lb-in 

tier  gain,  pal/pei 
b-mln/ln^-aec 
ick  gain.  pat/rad 

l 


t  chamber,  In. 

tween  manual  valve 

i. 

tween  manual  valve 
iterllne.  In. 

i 

tal,  outer  wall 


fler  output,  paid 

a 

la 

rortex  exit,  pel* 
i  of  vortex,  pa  La 

at re  at  valve  port,  pala 
•eeure  at  valve  port,  pala 
tide  motor,  pala 


P^  ■  Downetream  preaaure  (nalde  motor,  pala 
p  •  Autopilot  Input  preaaure  algnal,  paid 

p  m  Gear  tooth  circular  pitch 

c  5 

Q  ■  Volumetric  flow  rate,  In  /eec 

R  ■  Gaa  conatant,  ln-lb./lb  *R 

f  m 

R.  ■  Gear  baae  circle  radlua.  In. 

D 

R  ■  Gear  pitch  radlua,  In. 

P 

r  ■  Rudder  horn  torque  arm,  la. 

8^  ■  Compreaalve  atreaa,  pel 
SFC  ■  Specific  fuel  conaumptlon,  lb/HP -HR 
8^  ■  Radial  atreia,  pal 
8^  ■  Shear  atreaa,  pat 
8(  ■  Tangential  atreaa,  pal 
a  ■  Laplace  operation  or  d/dt 
T  ■  Temperature,  *R 

T^  ■  Automatic  actuator  output  torque,  lb-in 

Tj  ■  Rudder  load  torque,  lb-in 

T  ■  Power  actuator  output  torque,  lb -In 
o 

T#  ■  Stall  torque,  tb-ln 
t  ■  Time,  aec 

t  ■  Gear  tooth  thlckneaa  at  pitch  line.  In. 

P 

t^  ■  Wall  thlclmeee.  In. 

V  ■  Compreeelon  volume  at  apoo*,  end,  In* 

W  ■  Dieplacement  flow,  lb/eec 
•  Stall  leakage  flow,  lb/eec 
W  ■  Zero  load  dieplacement  flow,  lb/eec 

D 

W  ■  Control  throat  weight  flow,  lb/eec 
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SECTION  I 


* 

INTRODUCTION  AND  SUMMARY 


This  report  summarizes  the  results  of  a  nine-month  study  by  which 
the  design  criteria  for  the  fabrication  of  a  flightworthy  low  pressure 
pneumo-mechanical  servomechanism  were  established.  The  servomecha¬ 
nism  has  been  designed  for  controlling  the  rudder  of  an  F101B  aircraft 
utilizing  compressor  bleed  air  from  the  Pratt  and  Whitney  JT3  engines 
as  the  power  supply.  The  servomechanism  technical  approach  is  based 
on  a  new  concept  in  the  field  of  servomechanisms,  the  Bendix  DYNA¬ 
VECTOR*  Actuator.** 

This  design  study  was  sponsored  by  the  Systen:*  Engineering  Group, 
Research  and  Technology  Division,  Air  Force  Systems  Command,  United 
States  Air  Force,  Wright-Patterson  Air  Force  Base,  OLio*  under  Con¬ 
tract  Number  AF  33(615)- 3309,  BPSN  6(618226-62405334),  Project  8226, 
Task  Number  822604. 

The  major  activities  accomplished  during  this  program  are  shown 
on  the  program  schedule  of  milestones,  Figure  1.  The  analyses  and 
design  efforts  conducted  were  divided  into  two  primary  categories: 
application  analysis,  and  actuator  analysis  and  design. 

The  purpose  of  this  study  has  been  accomplished  with  the  design  of 
a  pneumatic  DYNAVECTOR  rudder  actuator,  Model  PH-370-B1,  capable 
of  being  installed  in  an  F101B  aircraft  in  parallel  with  the  existing  hy¬ 
draulic  rudder  actuation  system  and  capable  of  meeting  all  specified 
performance  requirements. 

1.  DESIGN  DESCRIPTION 

The  DYNAVECTOR  rudder  actuator,  Model  PH-370-B1,  is  designed 
to  mount  concentric  to  the  F1C1B  rudder  axis  in  parallel  with  the  hydrau¬ 
lic  integrated  power  actuator  as  shown  in  Figures  2  through  5.  The 
DYNAVECTOR  actuator,  clutch  and  linkage  assembly  envelope  is  designed 
so  that  it  does  not  interfere  with  operating  space  requirements  of  the 
integrated  power  actuator  and  lower  damper  cylinder  packages.  The 
DYNAVECTOR  actuator  system  is  capable  of  being  declutched  from  the 

Trademark  of  The  Bendix  Corporation 

The  Bendix  Corporation  has  a  patent  application  pending  on 
this  device. 
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Figure  1  -  Program  Schedule  of  Major  Milestones 


Figure  2  -  DYNA VECTOR  Installation 


vJAVECTOR  Installation  Plan  View  Looking  Down  Rudder  Axis 
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DYNAVECTOR  MOUNTING  STRUCTURE 


Figure  5  -  DYNAVECTOR  Inetal 
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rudder  so  that  the  rudder  may  be  actuated  in  any  of  the  following  oper¬ 
ative  modes: 

•  Hydraulic  aystem  operative:  pneumatic  ayatem  s.rnt  down. 

•  Hydraulic  ayatem  operative:  pneumatic  ayatem  operative, 
but  declutched  from  rudder  for  monitor  condition  only. 

•  Hydraulic  ayatem  inoperative:  pneumatic  ayotcm  operative, 
and  clutch  engaged  to  rudder. 

The  layout  of  the  DYNAVECTOR  rudder  actuation  ayatem  ia  ahown 
in  Figure  6.  The  major  componenta  o'  the  aaaembly  conaiat  of: 

•  Load  limit  mechaniam 

•  Manual  valve  lever 

•  Manual  valve 

•  Power  actuator 

•  Single  point  engagement  pneumatic  clutch 

•  Rudder  horn  adapter 

•  Actuator -rudder  interlock  valve 

•  Actuator-manual  valve  latch 

•  Automatic  valve 

•  Automatic  valve  amplifier 

•  Automatic  actuator 

•  Fluidic  position  transducer 

•  Clutch,  power  supply,  and  latch  switches 

•  Miscellaneous  monitoring  instrumentation 

The  functional  relationships  of  these  major  components  are  shown 
schematically  in  Figures  7  through  10. 

Figure  7  uhows  the  manual  power  mode  of  operation. 

Figure  8  shows  the  manual  power  mode  of  operation  with  stability 
augmentation  operative. 

Figure  9  shows  the  manual  power  mode  of  operation  with  stability 
augmentation  in  monitor  condition  only. 
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Figure  7  -  Pneumatic  Rudder  Control  System  Schematic  -  Manual  Power  Mode 
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Figure  8  -  Pneumatic  Rudder  Control  System  Schematic  -  Manual  Power  Mode  with  Stability 

Augmentation  Operative 
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Augmentation  Monitored 


Figure  10  -  Pneumatic  Rudder  Control  System  Schematic  -  Autopilot  Operation 


Figure  10  ihows  autopilot  operation. 

These  operative  modec  are  diacuaaed  in  detail  in  Section  III. 


2.  DESIGN  REQUIREMENTS  AND  PERFORMANCE  CHARACTERISTICS 

The  design  requirements  for  the  pneumatic  rudder  actuator  servo¬ 
mechanism  defined  in  the  Statement  of  Work  under  Contract  AF  33(615)- 
3309  at  the  start  of  this  design  study  program  arc  presented  in  para¬ 
graph  A  below.  During  the  course  of  the  program,  refinements  and 
modifications  to  the  Statement  of  Work  requirements  were  generated 
and  these  are  summarized  in  paragraph  B.  The  final  flightworthy  design 
requirements  are  presented  in  DS-747  (reference  Appendix  B).  A  sum¬ 
mary  of  the  performance  characteristics  of  the  fligh  worthy  design  are 
presented  in  paragraph  C. 

A.  Statement  of  Work  Pneumo- Mechanical  Servomechanism 

Requirements 

The  following  requirements  are  as  stipulated  in  the  subject 
Contract  Statement  of  Work  dated  5  May  1965. 

(1)  Scope: 

(a)  This  exhibit  defines  the  requirements  for  a  design 
study  leading  to  a  pneumo-mechanical  servomecha¬ 
nism  capable  of  controlling  an  aircraft  control  surface. 

(b)  Pneumo-mechanical  servomechanisms  may  be  classi¬ 
fied  as  linear  or  rotary  depending  upon  the  type  of 
motion  delivered  to  the  control  surface.  It  is  desired 
that  a  linear  output  of  the  actuator  be  the  design  ob¬ 
jective.  Power  to  operate  the  unit  shall  be  derived 
from  bleed  air  of  the  compressor  section  of  a  turbo¬ 
jet  engine. 

(2)  Objective: 

(a)  The  objective  of  this  study  shall  be  the  establishment 
of  design  criteria  for  fabricating  a  flightworthy  pneu¬ 
matic  servomechanism. 

(b)  The  study  shall  lead  to  a  design  which  shall  operate 
in  concept  with  the  existing  aircraft  hydraulic  servo 
actuator  subsystem. 
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(3)  Applicable  Documents: 


(a)  The  following  Government  documents  shall  be  .used  as 
a  guide  during  the  design  study: 

MIL-E-5272,  Environmental  Testing;  Aeronautical 
and  Associated  Equipment 

MIL-P-5514B,  Packings;  Installation  and  Gland  Design 
of  Aircraft  Hydraulic  and  Pneumatic  i 

MIL- A- 8629  (AER),  Airplane  Strength  and  Rigidity 

(b)  Other  documents  which  have  not  been  covered  by 
Item  (3a)  above  and  which  have  been  generated  by  the 
contractor  may  be  applied  to  this  program. 

(4)  Requirements: 

(a)  General:  The  servomechanism  design  shall  be  of  mini¬ 
mum  size  and  weight  consistent  with  the  following 
requirements.  Simplicity  of  operation  and  attaining 
the  performance  requirement  of  the  specific  function 
shall  be  the  primary  requirement. 

(b)  Weight:  The  unit  shall  not  exceed  twenty  (20)  pounds.  \ 

This  requirement  may  be  relaxed  provided  the  weight  j 

restriction  penalizes  the  servomechanism's  performance. 

(c)  Operating  Conditions:  The  servo  unit  shall  be  designed 
to  operate  under  the  following  conditions. 

*  t 

•  Temperatures:  Gas  temperature  1P0*F  to  600*F. 

Ambient  temperature  of  -65#F  to  270*F. 

•  Supply  Pressure:  Supply  pressure  shall  vary  from 
50  psi  to  200  psi.  If  it  is  necessary  to  operate  at 

a  fixed  pressure  level,  consideration  shall  be  given 
to  implementing  an  accumulator  and  conventional 
pressure  regulation  subsystem. 

•  Altitude:  Sea  level  to  50,000  feet. 

•  Flight  Inertia  Leads:  The  unit  shall  be  structurally 
able  to  withstand  without  failure  a  17. Og  ultimate 
acceleration  in  any  direction  and  shall  operate  satis¬ 
factorily  without  malfunction  under  a  12. Og  accel¬ 
eration  in  any  direction. 
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(d)  Dimensions:  Figure  11  shall  be  used  as  a  guide  to 
establish  the  package  design  for  the  servomechanism 
assembly. 

(e)  Automatic  Servovalve:  The  automatic  servovalve  shall 
operate  with  the  following  characteristics: 

•  A  pneumatic  input  pressure  differential  signal  of  ±5 
psid  full  scale. 

•  Hysteresis  limit  of  1  percent. 

•  Natural  frequency  -  30  cps. 

•  Resolution  -  1  percent  full  scale. 

•  A  breakout  force  level  of  ±0.25  psid  shall  be  a  de¬ 
sign  requirement. 

(f)  The  servomechanism  in  automatic  mode  shall  provide 
an  output  which  will  deflect  a  control  surface  by  ±5 
degrees  with  ±0.25  degree  positional  accuracy. 

(g)  Manual  Servovalve:  The  unit  shall  accept  a  command 
input  by  direct  mechanical  linkage  to  the  pilot  and  a 
pneumatic  signal  from  the  automatic  valve.  It  shall 
operate  with  the  fo  lowing  characteristics: 

•  Static:  The  force  applied  by  the  pilot  or  automatic 
valve  to  the  manual  valve  as  seen  by  the  manual  to 
obtain  1.0  in/ sec  output  velocity  shall  not  exceed 
0.5  of  a  pound. 

•  The  manual  valve  shall  be  cascaded  with  the  auto¬ 
matic  valve  so  that  the  mechanical  linkage  to  the 
pilot  will  track  the  operation  of  the  automatic  valve. 

•  The  manual  valve  shall  be  the  controlling  valve  of 
the  servomotor/actuator  assembly  and  shall,  be 
considered  the  primary  valve. 

(h)  Output  static  force  level  of  the  servomotor  shall  be 
3000  ±  50  pounds  at  the  desired  regulated  input  supply 
pressure. 


Figure  11  -  Servomechanism  Envelope 

(i)  The  output  motion  of  the  servomotor /actuator  assembly 
shall  either  be  linear  or  rotary  consistent  with  the 
following  requirements: 

•  Linear  manual  operation  output:  Stroke  ±1.65  inches 
with  ±0.03  inch  accuracy.  Linear  velocity  3.9  in/sec. 


•  Rotary  manual  operation  output:  ±20  degrees  with 
±1  degree  accuracy.  Angular  velocity  60  deg/sec. 

•  Linear  automatic  operation  output:  ±0.42  inch  with 
±0.01  inch  positional  accuracy.  Linear  velocity 
3.9  in/ sec. 

•  Rotary  automatic  operation  output:  ±5  degrees  with 
±0.25  degree  positional  accuracy.  Angular  velocity 
60  deg/ sec. 

•  Maximum  surface  deflection  velocity  shall  be  60 
deg/ sec  for  both  manual  and  automatic  operation. 

•  Maximum  surface  deflection  acceleration  shall  be 

150  deg/sec^  for  both  manual  and  automatic  operation. 

(j)  Dynamic  Response:  The  unit  under  maximum  loading 
conditions  shall  operate  within  the' limits  specified  bv 
Figure  12. 
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(k)  Servo  Actuator:  The  servo  actuator  shall  deliver  an 
output  force  of  2700  ±150  pounds.  It  is  desirable  but 
not  necessary  that  the  output  be  in  a  linear  form. 

(l)  Chatter  and  Instability:  The  unit  shall  operate  smoothly 
without  sustained  chatter  or  instability  under  all  oper¬ 
ating  conditions. 

(m)  Instrumentation:  During  the  design  of  the  servomecha¬ 
nism,  provision  shall  be  made  to  monitor  the  following 
parameters. 

•  Automatic  servovalve  input  jignal. 

•  Automatic  servovalve  position  and  velocity. 

•  Manual  servovalve  position  and  velocity. 

•  Manual  servovalve  input  signal. 
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(n)  The  pneumatic  aervomechanism  shall  be  operated  in 
parallel  with  the  existing  hydraulic  servomechanism. 


•  Provisions  for  disengagement  <  f  the  pneumatic 
servomechanism  package  shall  be  made  when  oper¬ 
ation  in  the  hydraulic  mode  is  commanded. 

•  Additionally,  a  provision  shall  be  mada  for  dis¬ 
engagement  when  a  hard-over  signal  in  the  auto¬ 
matic  mode  is  experienced  by  the  pneumatic  servo 
package. 

•  A  mechanical  position  follower  shall  be  included 
in  the  design  to  prevent  transients  from  occurring 
when  switching  modes  of  operation,  e.g.,  pneumatic 
to  hydraulic  and  hydraulic  to  pneumatic,  and  allow 
the  passive  servo  package  to  follow  the  active  servo 
package. 

B.  Modifications  and  Refinements  of  Requirements 

During  the  course  of  this  program,  modifications  and  refine¬ 
ments  to  the  original  Statement  of  Work  design  requirements  were  re¬ 
quired.  These  changes  were  either  a  result  of  a  redefinition  of  the 
interface  characteristics  by  Wright-Patterson  Air  Force  Base  or  analy¬ 
ses  conducted  by  Bendix  and  consist  of  the  following: 

(1)  MIL-A-8629(AER),  Airplane  Strength  and  Rigidity,,  super¬ 
seded  by  MIL-A-8860  through  8870. 

(2)  Gas  temperature  range  of  100#F  to  600*F  revised  to  100#F 
to  450#F. 

(3)  Dimensions:  Figure  11  modified  to  allow  concentric 
mounting  of  rotary  actuator  to  rudder  axis. 

(4)  Automatic  servovalve  input  pressure  differential  signal 
of  ±5  psid  revised  to  ±2  psid. 

(5)  Pilot  tracking  of  automatic  valve.  Automatic  valve  track¬ 
ing  will  be  provided  by  monitoring  of  electrical  potenti¬ 
ometer  signal  rather  than  mechanical  linkage  to  pilot 
rudder  pedals. 
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(6)  Maximum  allowable;  fuel  consumption  requirement  estab¬ 
lished  as  0.018  lb/sec  at  450*F  gas  temperature. 

(7)  Design  life  of  3000  hours  established  with  duty  cycle  as 
defined  per  DS-742  (see  Appendix  A). 

(8)  Instrumentation  requirements  of  manual  and  automatic 
valve  to  monitor  valves'  velocity  and  position  modified 
to  system  providing  direct  read-out  of  position  of  valves. 
Velocity  of  valves  will  be  obtained  by  differentiating  valve 
displacement- time  data  from  flight  recorder. 

C.  Flightworthy  Design  Requirements 

The  flightworthy  pneumatic  DYNAVECTOR  rudder  actuator 
design  requirements  are  defined  in  DS-747  (shown  in  Appendix  B).  A 
summary  of  these  design  requirements  and  the  performance  character¬ 
istics  of  this  system  are  presented  in  Table  I. 

3.  INTERFACE  REQUIREMENTS 

The  interface  requirements  for  the  parallel  installation  of  the  pneu¬ 
matic  DYNAVECTOR  rudder  actuator  may  be  categorized  as  electrical 
command)  mechanical  command,  structural,  hydraulic  system  modifi¬ 
cations,  pneumatic,  and  instrumentation. 

A.  Electrical  Command  Requirements 

The  electrical  command  interface  requirements  necessary  to 
/allow  the  pilot  to  activate  the  pneumatic  rudder  actuator  system  are: 

•  Clutch  solenoid  switch 

•  Manual  valve  power  supply  switch 

•  Actuator-manual  valve  latch  switch 

•  Stability  augmentation  switch 

The  yaw  damper  switch  and  stability  augmentation  switch  may 
be  a  single  switch.  However,  in  the  event  that  the  pilot  chooses  to 
monitor  yaw  rate  sensor  signals  before  monitoring  'he  stability  augmentation 
output  of  the  automatic  actuator,  separate  switching  lunctions  must  be 
provided. 
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Table  1  -  Summary  of  Flightworthy  Pneumatic  DYNAVECTOR  Rudder 
Actuator  Design  and  Performance  Characteristics 


DYNAVECTOR  Model 
Transmission  Ratio 
Stall  Torque 
No-Load  Speed 
Maximum  Horsepower 
Weight 
Design  Life 

Maximum  Fuel  Consumption  @450*F 
Supply  Pressure 
Gas  Temperature 
Manual  Input 

Automatic  Input 

Automatic  Output 
(Relative  to  Manual  Position) 

Power  Actuator  Response  to 
Manual  Inputs  (-3db  point) 

Power  Actuator  Response  to  Stability 
Augmentation  (-3db  point) 

Automatic  Yalve  Response  (-’db  point) 


PH-370-B1 

370:1 

10,200  lb-in 
60  deg/sec 
0.405  hp 
14  lbs 
3000  hours 
0.018  lb/sec 
50  psig 

100*F  to  450*F 

1.65  in  (±25  deg 
rudder  motion) 

±2  psid  @  15  psig 

±5  deg 

25  cps 

6.2  cps 
44  cps 


B.  Mechanical  Command  Requirements 

The  only  form  of  mechanical  command  input  required  for  the 
pilot  to  operate  the  pneumatic  rudder  actuator  is  rudder  pedal  move¬ 
ment  via  the  existing  feel  cvlind  r  and  belle  rank-linkage  system  <  The 
linkage  input  to  the  DYNAVECTOR  actuator  manual  valve  is  provided 
by  a  yoke  mounting  of  the  DYNAVECTOR  actuator  linkage  to  the  inte¬ 
grated  power  cylinder  linkage  input  point. 


C.  Structural  Interface  Requirements 


The  structural  interface  requirements  consist  of  the  attachment 
of  the  rudder  horn  adapter  to  the  rudder  horn  and  the  attachment  of  the 
DYNAVECTOR  actuator  mounting  structure  to  the  aircraft  bulkheads  at 
fuselage  sections  832.36  and  814.90. 

D.  Hydraulic  System  Modifications 

There  are  three  modifications  required  on  the  existing  hydraulic 
system,  two  of  which  are  required  because  of  physical  interference  of 
hydraulic  lines,  while  the  third  was  necessitated  from  operational 
considerations. 

The  two  interference  modifications  are  considered  minor  as 
they  merely  require  a  rerouting  of  hydraulic  lines. 

The  hydraulic  supply  and  return  lines  to  the  integrated  power 
cylinder  interfere  with  the  DYNAVECTOR  actuator  as  shown  in  Figure  2. 
Interference  may  be  eliminated  by  routing  these  lines  outside  of  the 
DYNAVECTOR  actuator  package  diameter.  The  location  of  the  attach¬ 
ment  points  for  these  lines  need  not  change. 

The  hydraulic  line  from  the  fuel  vent  solenoid  valve  to  the  fuel 
vent  valve  actuator  interferes  with  the  DYNAVECTOR  envelope  at  the 
location  where  the  hydraulic  line  mounts  to  the  vent  valve  actuator. 

This  interference  may  be  eliminated  by  providing  a  vent  valve  actuator 
manifold  block  with  the  hydraulic  line  intake  located  off  of  the  longitudinal 
centerline  of  the  aircraft. 

The  third  modification  of  the  hydraulic  system  is  required  to 
allow  shut-off  of  hydraulic  rudder  control  and  subsequent  control  by  the 
pneumatic  actuation  system.  The  hydraulic  supply  pressure  must  be 
shut-off  from  the  integrated  power  cylinder  to  allow  pneumatic  system 
operation.  Such  a  shutdown  is  equivalent  to  a  dtility  hydraulic  system 
failure,  and  the  integrated  power  cylinder  would  normally  respond  so 
as  to  allow  the  pilot  to  manually  djrive  the  rudder.  7’he  cylinder  bypass 
valve  would  open,  thereby  preventing  the  cylinder  from  becoming  hydrau¬ 
lically  locked,  and  the  manual  linkage  input  point  would  become  spring- 
loaded  into  a  detent  position,  thur  allowing  the  pilot  to  move  the  cylinder 
and  rudder  a:  a  solid  link  directly  by  foot  pedal  displacements.  Detent 
engagement  can  be  prevented  upon  intentional  hydraulic  pressure  shut¬ 
down  by  pilot  activation  of  a  pneumatic  cylinder  package  mounted  to  the 
integrated  cylinder  detent  lever  as  shown  in  Figure  13.  The  switching 
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function  would  be  integrated  with  the  clutch  solenoid  switch  so  that 
hydraulic  linkage  detent  would  be  prevented  only  when  the  DYNAVECTOR 
actuation  system  was  clutched  to  the  rudder.  The  detent  control  cylinder 
as  shown  in  Figure  13  would  be  normally  spring-loaded  out  of  engage¬ 
ment,  and  only  upon  chamber  pressurization  would  the  piston  be  actuated 
to  hold  the  hydraulic  linkage  out  of  detent. 

E.  Pneumatic  Interface  Requirements 

An  extensive  analysis  of  the  anticipated  power  supply  require¬ 
ments  of  the  DYNAVECTOR  actuator  was  conducted  during  this  program 
and  is  detailed  in  Section  III,  paragraph  6,  of  this  report.  The  results 
of  this  power  consumption  study,  combined  with  a  review  of  the  charac¬ 
teristics  of  the  available  power  supply  afforded  by  the  JT3  compressor 
bleed  air,  indicate  that  the  flight-qualified  pneumatic  DYNAVECTOR 
actuator  system  would  require  a  maximum  consumption  of  0.018  lb/sec 
at  a  450°F  supply  temperature.  This  consumption  requirement  is  less 
than  2  percent  of  the  mass  flow  available  when  compressor  bleed 
pressures  are  at  the  minimum  required  operating  level  of  50  psig. 

The  temperature  of  the  pneumatic  supply,  as  monitored  during 
flight  tests,  was  found  to  range  between  100#F  and  600°F.  Precooling 
of  this  bleed  air  will  be  required  so  as  to  limit  the  gas  temperature  to 
450*F  maximum  before  porting  to  the  rudder  actuator  interface. 

F.  Instrumentation  Interface  Requirements 

The  instrumentation  requirements  necessary  for  monitoring 
the  operation  of  the  pneumatic  actuation  system  consist  of  both  electric 
and  pneumatic  read-out  signals.  The  installation  of  these  monitoring 
devices  is  shown  in  Figure  6.  The  signals  to  be  generated  are: 

(1)  Power  actuator  position  relative  to  airframe  (electrical 
dual  ganged  potentiometer). 

(2)  Automatic  actuator  position  relative  to  power  actuator 
(pneumatic  pressure  differential  signal). 

(3)  Automatic  actuator  position  relative  to  power  actuator 
(electrical) 

(4)  Manual  valve  body  and  input  linkage  pivot  relative  to 
power  actuator  (electrical)  position. 


(5)  Input  linkage  position  relative  to  power  actuator  (electrical 
dual  ganged  potentiometer). 

(6)  Automatic  valve  spool  position  relative  to  automatic  valve 
body  (electrical). 

(7)  The  signals  of  items  (1)  and  (5)  may  be  summed  to  provide 
a  signal  of  input  linkage  position  relative  to  airframe. 

(8)  Since  the  input  linkage  and  manual  valve  spool  are  an  inte¬ 
gral  assembly,  the  signals  of  items  (4)  and  (5)  may  be 
summed  to  provide  a  signal  of  manual  valve  spool  posi¬ 
tion  relative  to  valve  body.  This  summed  signal  and 
item  (6)  may  both  be  differentiated  with  respect  to  time 

to  obtain  valve  spool  velocities. 

(9)  Power  actuator  velocity  relative  to  airframe. 

(10)  Input  linkage  limit  switch  to  signal  mechanical  input  to 
pneumatic  system  is  in  phase  with  hydraulic  system. 
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SECTION  II 

GUIDELINES  AND  ASSUMPTIONS 

1.  TORQUE-SPEED  REQUIREMENTS 
A.  Summary 

The  torque -speed  requirements  for  the  pneumatic  rotary 
DYNAVECTOR  actuator  must  be  developed  to  permit  proper  sizing  of 
the  actuator. 

The  Statement  of  Work  requirements ,  as  summarized  in 
Section  I, require  a  linear  actuator  output  force  of  2700  ±150  lb,  maxi¬ 
mum  velocity  capability  of  60  deg/sec,  and  maximum  acceleration 
limit  of  150  deg/sec^.  The  performance  characteristics  of  the  hydraulic 
cylinder  presently  installed  are  used  as  a  basis  for  establishing  the 
DYNAVECTOR  requirements  and  are  developed  from  information  pre¬ 
sented  in  the  McDonnell  Aircraft  Corporation  Specification  Control 
Drawing  for  Integrated  Power  Control  Cylinder  (Rudder)  #20-91023. 

The  stall  torque  requirement  is  found  to  be  10,200  lb-in  at  full  rudder 
deflection  using  the  maximum  output  force  specified  in  the  above  docu¬ 
ment  at  a  differential  pressure  of  3,000  psi.  The  force-speed  charac¬ 
teristic  of  the  hydraulic  cylinder,  developed  from  the  flow  information 
and  the  above  output  force  information,  approximates  a  straight  line 
similar  to  the  DYNAVECTOR  actuator  steady- state  torque -speed 
characteristic  with  a  torque -speed  characteristic  with  a  stall  torque 
of  10,200  lb-in  and  a  no-load  speed  of  60  deg/sec.  The  DYNAVECTOR 
actuator  must  be  able  to  drive  a  spring  type  load  in  oscillatory  motion 
for  the  following  most  critical  conditions: 

1  -  Oscillations  of  ± 20-degree  amplitude  about  zero 

(or  null). 

2  -  Oscillations  of  ± 5-degree  amplitude  at  a  maxi¬ 

mum  acceleration  of  150  deg/sec^  about  a  bias 
displacement  of  20  degrees. 

The  actuator  is  found  capable  of  meeting  the  above  requirements  when 
driving  a  torsional  spring  load  having  a  linear  spring  rate  of  270  lb-in/ 
deg.  The  torque -speed  characteristics  of  the  system  and  the  actuator 
are  summarized  in  Figure  21. 
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B.  Nomenclature 


A  -  Effective  piston  area  of  the  hydraulic  cylinder  (in^) 

P 

C  -  Orifice  discharge  coefficient 
d 

F  -  Hydraulic  cylinder  output  force  (lb) 

P  -  Supply  pressure  (psia) 

8 

Q  -  Valve  flow  or  flow  through  hydraulic  cylinder  (in^/sec) 
r  -  Torque  arm  (in) 
t  -  Time  (sec) 

T^  -  Torque  (lb-in) 

Z  -  Piston  velocity  (in/sec) 

AP  -  Pressure  differential  across  hydraulic  cylinder 
piston  (psi) 

0  -  Angular  displacement  (degree**) 

0  -  Angular  velocity  (deg/sec) 

0  -  Angular  acceleration  (deg/sec^) 

0^  -  Amplitude  of  displacement  (degrees) 
p  -  Fluid  mass  density  (lbs- sec^/in^) 
w  -  Frequency  of  oscillation  (rad/ sec) 

C.  Analysis 

The  present  hydraulic  rudder  control  actuator  is  capable  of 
producing  a  force  of  2,700  ±  150  pounds  at  a  differential  pressure  of 
3,000  psi.  This  is  assumed  to  be  the  stall  torque  requirement  for  the 
DYNAVECTOR  actuator.  The  stall  torque  is  assumed  to  occur  at  full 
rudder  deflection  where  the  aerodynamic  loading  and  the  resultant 
hinge  moment  are  normally  maximum.  The  torque  output  of  the  hy¬ 
draulic  cylinder  versus  rudder  displacement  with  a  differential  pressure 
of  3,000  psi  across  the  piston  is  plotted  in  Figure  14.  The  torque  capa¬ 
bility  drops  off  with  rudder  position  because  of  the  reduction  in  effective 
torque  arm  as  the  hydraulic  cylinder  rotates  with  respect  to  the  airplane 
axis.  For  sizing  the  pneumatic  rudder  control  actuator,  the  torque  at 
the  maximum  displacement  is  selected  and  a  linear  variation  of  load 
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Figure  15  -  Load  Torque -Dieplacement  F101B  Rudder-Spring  Rate 
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torque  from  zero  at  null  to  10,200  lb-in  at  20  degrees  deflection  is 
assumed.  A  plot  of  this  load  torque  is  presented  in  Figure  15. 

The  torque -speed  characteristic  of  the  hydraulic  rudder  con¬ 
trol  actuator  is  obtained  as  a  guide  for  establish  Jie  performance 
requirements  for  the  pneumatic  DYNAVECTOR  actuator.  For  a  hydraulic 
cylinder,  the  output  force  is  expressed  as 

F  =  AP  A  (1) 

P 

anr  the  linear  velocity  of  the  piston  as 

z  =  A.  (2) 

A 

p 


To  convert  the  output  force  and  linear  velocity  to  torque  and  angular 
velocity,  respectively,  the  relationships  below  are  used: 


0  =  “  (3) 

r 

T  =  Fr  (4) 


A  constant  torque  arm  is  assumed,  although  this  is  not  the  case  in  actu?l 
operation.  However,  the  variation  is  deemed  not  large  enough  to  affect 
the  torque -speed  curve.  The  flow  through  the  cylinder  is  the  same  as 
the  flow  through  the  servovalve.  The  following  assumptions  are  made 
in  determining  the  flow: 

•  Constant  pressure  source 

•  Series  circuit  in  the  valve 


•  Zero  or  positive  lap  in  the  valve 

•  The  valve  ports  are  rectangular  and  identical  so 
that  the  valve  is  symmetrical. 


The  flow  is  determined  from  the  following  equation: 


where 


(5) 
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At  stall,  the  flow  is  zero  and,  therefore,  the  supply  pressure  is  equal 
to  the  differential  pressure  in  the  cylinder,  or  3,000  psig.  The  maxi¬ 
mum  flow  for  a  differential  pressure  of  900  psi  is  1.125  gpm  or 
4.33  in^/sec.  (Ref:  McDonnell  Specification  Control  Drawing  #20-91023, 
Sheet  25).  To  obtain  the  value  for  g,  substitute  the  above  numbers  in 
equation  (5). 


2(4.33] 


3,000  -  900 


=  0.0179 


g  =  0.1338  . 


The  effective  piston  area  is  obtained  from  equation  (1)  using  the  median 
value  for  output  force. 


2,700  „  „  .  2 

■  =  0.9  in 

3,000 


The  output  torque  is  obtained  by  multiplying  the  output  force  by  the  torque 
arm  of  3.9  inches. 


T  =  Fr  =  AP  A  r  =  (0.9)  (3.9)  AP  =  3.51  AP 
1  P 


and  the  speed  is  obtained  from 


•  _  360  £  360  Q 

2trr  2irr  A 


(0.9)(3.9)  2  tr 


=  16.3  Q 


Substituting  the  numerical  values  3000  and  0.1338  for  P8  and  g, 
respectively,  in  equation  (5)  yields 


Q  =  0.0946  v 3,000  -  AP 


and  therefore,  combining  equations  (7)  and  (8) 


6  =  1.54  V  3,000  -  AP  . 


Various  values  of  AP  are  s restituted  into  equations  (6)  and  (9),  and  the 
resultant  torque-speed  curve  is  plotted  in  Figure  16. 


The  operational  mode  of  the  DYNAVECTOR  actuator  must  be 
considered  in  establishing  performance  characteristics.  Actuator  out¬ 
put  is  limited  to  oscillations  of  ±20  degrees  for  manual  mode  with  an 
additional  ±5  degrees  on  automatic  mode.  Therefore,  a  steady- state 
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Figure  16  -  Torque -Speed  Characteristic  -  Hydraulic  Actuator 

analysis  is  not  applicable  and  the  system  performance  will  be  established 
for  oscillatory  motion  only,  assuming  a  harmonic  input.  For  angular 
harmonic  motion,  the  following  equations  are  applicable: 

0=6  cos  w  t  (10) 

o  ' 

0  =  -w  0  sin  w  t  (11) 

o  '  ' 

i 

0  =  -w^  6^  cos  w  t  .  (12) 

The  maximum  control  surface  deflection  velocity  of  60  deg/sec  is  assumed 
to  occur  at  the  null  position  (0  =  0)  and  the  maximum  acceleration  of 
150  deg/ sec^  is  assumed  to  occur  at  the  full  deflection  position  of  20 
degrees. 

To  obtain  the  load  torque -speed  characteristic  for  the  DYNA- 
VECTOR  actuator  with  angular  harmonic  motion,  it  is  necessary  to 
obtain  the  velocity-displacement  profile  and  then  combine  this  with  the 


load  torque-displacement  profile.  The  system  is  assumed  to  be  velocity- 
limited  at  60  deg/sec  and,  by  combining  equations  (10)  and  (11),  the 
velocity-displacement  profile  for  a  number  of  frequencies  is  established 
and  plotted  in  Figure  17.  The  load  torque-speed  characteristics  plotted 
in  Figure  18  are  the  result  of  combining  the  load  torque-displacement 
and  velocity-displacement  profiles  of  Figures  15  and  17.  The  maximum 
accelerations  are  computed  for  various  frequencies  by  combining  equa¬ 
tions  (11)  and  (12)  and  all  are  found  to  be  in  excess  of  150  deg/sec^,  and 
are  plotted  in  Figure  19.  Combining  these  curves  with  the  load  torque- 
displacement  of  Figure  15  produces  the  load  torque-speed  characteris¬ 
tics  of  Figure  29. 

In  addition  to  oscillation  about  the  rudder  zero  position,  the 
actuator  in  automatic  mode  must  be  capable  of  oscillations  of  ±5  degrees 
amplitude  about  any  manual  setting,  up  to  and  including  20  degrees.  The 
maximum  power  is  required  for  automatic  operation  of  maximum  ampli¬ 
tude  at  20-degree  rudder  position,  and  curve  F  of  Figure  20  represents 
the  load  torque -speed  characteristi-.  for  this  operational  mode.  Curve  A 
of  Figure  20  is  shown  only  to  indicate  the  frequency  and  amplitude  that 
would  be  necessary  to  obtain  a  maximum  velocity  of  60  deg/sec;  this 
amplitude  is  24  degrees,  which  is  greater  than  that  stipulated  for  manual 
operation. 

The  curves  shown  in  Figure  20,  with  the  exception  of  curve  A, 
must  fall  under  the  curve  defining  the  steady-state  torque-speed  charac¬ 
teristic  of  the  DYNAVECTOR  actuator,  which  is  assumed  to  be  a  straight 
line  with  a  no-load  speed  of  60  deg/sec.  If  it  is  desirable  that  the  system 
operate  at  maximum  acceleration  at  all  times,  the  minimum  actuator 
steady- state  torque -speed  curve  must  be  tangent  to  curve  B;  however, 
this  results  in  an  actuator  with  a  stall  torque  capability  of  25,200  in-lbs, 
far  greater  than  the  present  hydraulic  cylinder  and  the  stipulated  stall 
torque  requirement.  If  the  performance  is  reduced  slightly  at  20  degrees 
amplitude,  the  system  performance  in  automatic  mode  and  at  a  bias  of 
20  degrees  is  the  limiting  parameter.  For  this  operational  capability, 
the  actuator  torque -speed  curve  must  be  tangent  to  curve  F  in  Figure  20, 
resulting  in  a  stall-torque  capability  of  19,400  in-lbs,  again  almost 
double  the  output  of  the  present  actuator.  The  load  torque  requirement 
must  therefore  be  lowered  so  that  the  actuator  is  not  overdesigned. 

An  actuator  steady- state  torque- speed  curve  having  a  stall 
torque  of  10,200  in-lbs  and  a  no-load  speed  of  60  deg/sec  (curve  C  of 
Figure  21),  which  approaches  the  torque-speed  characteristic  of  the 
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present  hydraulic  actuator  shown  in  Figure  16  is  chosen  as  the  torque- 
speed  design  characteristic  for  the  pneumatic  actuator.  To  determine 
the  load  torsional  spring  rate  and  the  maximum  load  torque  to  obtain 
the  desired  automatic  mode  performance  of  ±5  degrees  at  a  bias  of 
20  degrees  and  a  maximum  acceleration  of  150  deg/sec^,  a  number  of 
load  torsional  spring  rates  are  selected  and  the  resultant  torque-speed 
characteristics  plotted  until  a  curve  tangent  to  the  steady-state  torque - 
speed  curve  results.  A  torsional  load  spring  rate  of  270  Ib-in/deg 
results  in  a  torque-speed  curve  tangent  to  the  steady-state  performance, 
and  this  curve  is  plotted  in  Figure  21  as  curve  A.  The  load  torque - 
displacement  curve  for  the  spring  rate  of  270  in-lbs/deg  is  plotted  in 
Figure  22.  The  load  totlque  at  20  degrees  output  deflection  for  this  load 
is  5,400  lb-in. 

To  determine  the  performance  criteria  for  harmonic  motion 
with  an  amplitude  of  20  degrees  and  a  maximum  load  torque  of  5,400 
lb-in,  performance  curves  at  several  frequencies  are  calculated  until 
one  is  found  that  is  completely  within  the  steady-state  torque-speed 
requirements  of  the  motor.  The  frequency  for  which  this  occurs  is 
0.40  cps,  which  results  in  a  maximum  acceleration  of  126.5  deg/sec^. 
The  torque -speed  curve  is  shown  as  curve  B  of  Figure  21. 

2.  DUTY  CYCLE  DEFINITION 

An  assumed  duty  cycle  has  been  derived  for  the  DYNAVECTOR 
rudder  actuator  application.  This  duty  cycle  has  been  established  to 
provide  actuator  design  information,  to  assist  in  the  reliability  and 
failure  mode  analyses,  and  to  establish  the  basis  by  which  the  estimated 
power  consumption  requirements  of  the  DYNAVECTOR  may  be  com¬ 
pared  to  alternative  pneumatic  actuation  systems. 

A.  Flight  Mission  Definition 


A  four-hour  flight  mission  has  been  assumed  and  consists  of 
the  four  operative  conditions  and  times  shown  in  Table  II.  The  total 
design  life  of  the  actuator  has  been  assumed  as  3,000  hours,  made  up 
of  such  four-hour  flight  missions. 
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Table  II  -  Flight  Mission  Definition 


Operative  Condition 

Time 

Take-off  and  acceleration  at  constant 
altitudes  less  than  20,000  feet 

5  minutes 

Climb,  cruise  and  descent  at  altitudes 
greater  than  20,000  feet 

2  hours  and 

30  minutes 

Miscellaneous  cruise,  loiter,  etc., 
at  altitudes  greater  than  20,000  feet 

1  hour  and 

18  minutes 

Landing  approach  to  touchdown 

7  minutes 

Total 

4.0  hours 

The  rudder  actuator  may  be  in  one  of  three  operative  modes 
during  the  four-hour  flight  time. 

1  -  Stall  output  torque  with  the  rudder  held  at  a 

command  position  from  zero  to  ±20  degrees. 

2  -  Automatic  mode  rudder  oscillations  and  yaw 

damper  command  signals  at  up  to  ±5  degrees 
about  any  rudder  position  from  zero  to  ±20 
degrees. 

3  -  Manual  mode  input  commands  for  rudder  dis¬ 

placements  up  to  ±20  degrees. 

B.  Rudder  Stall  Mode  Conditions 

It  has  been  assumed  that  stall  rudder  conditions  will  'T.cur  for 
the  entire  take-off  and  acceleration,  duration  of  5.0  minutes,  ^ud  for 
the  landing  approach  to  touchdown,  duration  of  7.0  minutes,  and  for  20 
percent  of  the  remaining  flight  time.  Therefore,  the  duration  of  rudder 
stall  conditions  for  a  four -hour  flight  is  58  minutes.  The  remainder 
of  the  flight  time,  3  hours  and  2  minutes,  will  comprise  automatic  or 
manual  command  oscillatory  input#. 

Based  on  a  rudder  spring  rate  load  characteristic  of  270  lb-in 
per  degree  and  the  percentage  of  time  at  manual  mode  amplitudes 
from  ±5  to  ±20  degrees  defined  in  DS-742  (reference  Appendix  A), 
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Table  III  -  Stall  Torque  During  Four-Hour  Flight 


I 

Ol 

which  was  derived  from  the  hydraulic  actuator  specification*  McDonnell 
Aircraft  drawing  20-91023,  "Cylinder -Integrated  Power  Control  (Rudder)", 
the  stall  torque  durations  shown  in  Table  III  have  been  derived. 

C.  Rudder  Oscillatory  Conditions 

j 

During  the  four-hour  flight  time  when  the  rudder  is  not  in  a 
stall  mode  condition  (3  hours,  2  minutes)  it  is  assumed  that  the  rudder 
is  subjected  to  either  automatic  or  manual  oscillatory  commands.  The 
duration  of  time  for  the  qualification  test  defined  in  DS-742  (reference 
Appendix  A)  is  210  hours,  of  which  54  percent  is  in  automatic  mode. 

Assuming  this  percentage  distribution  applies  to  the  flight  time  oscil¬ 
latory  conditions  of  3  hours,  2  minutes,  Table  IV  defines  the  duration 
of  oscillatory  modes  for  the  mission  duty  cycle. 


Stall  Torque 
(in-lbs) 

%  Load 

Amplitude 

(degrees) 

Duration 

(minutes) 

5,400 

100 

20 

4 

4,860 

90 

20 

4 

2,430 

90 

10 

10 

1,620 

60 

10 

10 

810 

60 

5 

30 

Total  Time 

58  minutes 

3.  POWER  SUPPLY  CHARACTERISTICS 

The  characteristics  of  the  pneumatic  power  supply  available  for 
the  DYNAVECTOR  rudder  actuator  are  defined  in  DS-743  (reference 
Appendix  A).  The  pneumatic  power  is  derived  from  bleed  air  of  the 
compressor  section  of  the  Pratt  and  Whitney  JT3  turbojet  engines. 

This  bleed  air  is  also  the  power  supply  for  the  cockpit  pressurization 
and  air  conditioning  systems.  The  power  supply  information  defined 
in  DS-743  and  summarized  below  was  derived  from  studies  conducted 
by  Honeywell,  Inc.,  Aeronautical  Division,  under  Contract  AF  33(615)-2533, 
"Fluid  State  Yaw  Damper  System",  for  the  period  of  March  to  June,  1965. 
The  information  presented  herein  is  unclassified. 
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Table  IV  -  Oscillatory  Conditions  During  Four-Hour  Flight 


Mode 

Amplitude 

(±degrees) 

Frequency 

(cp») 

Torque  Variation 
(lb-in) 

Time 

(minutes) 

Automatic 

5 

0.871 

0  to  810 

35 

Automatic 

0.8 

2.18 

0 

63 

Total  Time  in  Automatic  Mode 

98  minutes 

Manual 

20 

0.435 

0  to  4,860 

84  minutes 

A.  Supply  Pressure 

The  availability  of  supply  pressures  between  50  and  200  psig 
is  limited  to  normal  engine  operation  at  aircraft  altitudes  less  than 
35,000  feet.  With  the  engine  in  an  idle  condition,  the  aircraft  may 
operate  at  altitudes  up  to  20,000  feet  and  still  provide  50  psig  com¬ 
pressor  bleed  pressures,  providing  the  aircraft  flight  speed  is  main¬ 
tained.  Figure  23  shows  the  normal  and  idle  operational  regimes  for 
the  pneumatic  DYNAVECTOR  actuator.  The  region  under  the  normal 
and  idle  lines  represent  flight  altitude  and  Mach  number  conditions 
under  which  the  compressor  bleed  air  is  at  least  50  psig.  If  the  air¬ 
craft  is  required  to  operate  in  the  region  above  the  limit  lines,  actuator 
supply  pressures  will  be  less  than  50  psig  and  degraded  actuator  per¬ 
formance  must  be  anticipated. 

B.  Supply  Temperature 

Compressor  bleed  air  temperatures,  as  monitored  during  flight 
tests  and  summarized  in  DS-743,  vary  from  100*F  to  600*F.  Wright  - 
Patterson  Air  Force  Base  has  stipulated  that,  for  the  F101B  flight  test 
vehicle,  the  maximum  temperature  for  pneumatic  flight  surface  control 
shall  be  450#F.  Consequently,  precooling  will  be  required  before  the 
bleed  air  is  conducted  aft  to  the  DYNAVECTOR  actuator  interface. 

C.  Supply  Flow 

The  maximum  available  supply  flow  as  monitored  during  flight 
tests  of  an  F101B  by  Honeywell  is  summarized  in  DS-743.  The  flow 
was  found  to  vary  from  a  minimum  of  0.5  lb/sec  in  the  descent  mode 
at  an  altitude  of  30,000  feet  to  3.5  Ib/sec  for  sea  level  take-off. 
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Figure  23  -  DYNAVECTOR  Operational  Regimes  Altitude 
Versus  Flight  Mach  Numbers 
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Figure  24  -  Compressor  Bleed  Pressure  and  Maos  Flow 
Versus  Aircraft  Operational  Modes 
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Figure  24  summarizes  the  bleed  pressure  and  concurrent  supply 
flow  values  for  five  operative  modes:  take-off,  climb,  level,  descent, 
and  landing  approach.  The  altitude  and  Mach  number  conditions  for  the 
flow  and  pressure  values  plotted  in  Figure  24  are  defined  in  DS-743. 

Figure  24  indicates  that,  for  the  flight  operational  conditions 
during  the  monitoring  tests,  the  available  mass  flow  exceeds  1.0  pound 
per  second  for  supply  pressures  above  50  psig,  the  specified  design 
supply  pressure  for  the  pneumatic  DYNAVECTOR  actuator. 


SECTION  III 


DESIGN  AND  PERFORMANCE  ANALYSIS 


1.  SERVOMECHANISM  ASSEMBLY  DESIGN 
A.  DYNAVECTOR  Operation 

The  DYNAVECTOR  actuator  is  an  integral  high  speed  motor 
and  transmission  without  high  velocity  mechanical  elements.  The  major 
components  of  the  DYNAVECTOR  actuator  assembly  consist  of  a  series 
of  displacement  chambers,  a  unique  integral  epicyclic  transmission,  and 
commutation  porting.  The  transmission  and  motor  use  elements  common 
to  both,  resulting  in  a  much  simpler  and  more  reliable  design. 

In  a  low  ratio  DYNAVECTOR  actuator  the  power  element  is  a 
positive  displacement,  very  low  inertia,  non-rotating  vane  motor.  Its 
output  is  a  radial  force  vector  that  rotates  at  high  speed  and  in  either 
direction  of  rotation.  The  displacement  chambers  formed  by  the  vanes 
and  the  housing  expand  and  collapse  at  the  same  speed  as  the  force  vector, 
but  do  not  rotate.  The  motor  is  self -commutating  but  doer  not  contain 
a  rotating  porting  plate  or  spindle.  The  absence  of  high  velocity  members 
in  the  motor  significantly  reduces  the  inertia,  resulting  in  high  accelera¬ 
tion  capability. 

The  unique  epicyclic  transmission  converts  the  rotating  force 
vector  directly  into  low  speed,  high  torque  rotary  motion  without  the 
use  of  high  speed  mechanical  input  stages.  The  transmission  also  has 
zero  backlash  without  ujing  preloaded  members. 

The  integration  of  the  power  element  and  epicyclic  transmission 
into  an  integral  actuator  design  results  in  ar.  ideal  servo  actuator  with 
a  high  torque-to-inertia  ratio  and  high  constant  efficiencies  for  both 
small  and  rated  loads. 

The  operation  of  a  low  ratio  DYNAVECTOR  actuator  is  illustrated 
by  Figure  25.  The  basic  components  are  the  ring  gear,  the  ground  gear 
and  housing,  the  center  output  gear,  and  the  vanes.  The  displacement 
chambers  are  formed  between  the  ground  gear  and  the  ring  gear  mesh 
by  the  vanes.  This  gear  mesh  provides  displacement  motion  without 
rotation  because  both  gears  have  exactly  the  same  number  of  teeth.  It 
may  be  considered  as  a  loose  spline  but  is  a  true  inv  'lute  gear  mesh. 

The  internal  portion  of  the  ring  gear  forms  the  transmission  between  the 
motor  and  the  output  shaft  and  represents  the  epicyclic  transmission. 
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Figure  25  -  Basic  Operation  and  Design  of  Low  Ratio  DYNAVECTOR  Actuator 


A  force  vector  is  generated  by  pressurizing  three  adjacent 
displacement  chambers  and  venting  the  remaining  three.  The  vector  is 
made  to  rotate  by  pressurizing  a  vented  chamber  adjacent  to  the  original 
three  pressurized  chambers  while  simultaneously  venting  the  diametri¬ 
cally  opposite  one.  It  the  force  vector  on  the  ring  gear  is  located  at 
approximately  90  degrees  to  the  ring  and  output  gear  contact  point,  the 
ring  gear  will  move,  causing  the  output  gear  to  turn  and  the  contact 
point  to  move.  If  the  force  vector  is  also  rotated  and  remains  90  degrees 
to  the  contact  point,  the  motion  will  be  continuous  and  the  output  shaft 
will  turn  continuously  but  at  a  much  lower  speed  than  the  force  vector. 
The  ratio  will  be  determined  by  the  difference  in  number  of  teeth  between 
the  ring  gear  and  the  output  gear.  The  gears  in  Figure  25  have  30  and 
32  teeth;  thus,  the  reduction  ratio  is  15:1. 


( 
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The  available  differential  pressure  in  the  form  of  two  motor 
port  pressures  P\  and  P2  must  be  commutated  to  the  proper  displacement 
chambers  to  produce  a  rotating  force  vector  in  phase  with  the  ring  gear 
motion.  To  ensure  that  this  phase  relationship  always  hold  true,  the 
motion  or  position  of  the  ring  gear  is  used  to  provide  this  commutation 
through  a  series  of  ports.  Each  displacement  chamber  has  a  pair  of 
supply  ports  or  a  Pj  and  P ^  port  associated  with  it.  The  P^  ports  are 
all  interconnected  in  the  housing  and  brough  out  to  a  single  inlet  port, 
as  are  all  the  p£  ports.  These  ports  are  in  the  housing  and,  therefore, 
stationary  with  respect  to  the  displacement  chambers.  They  are  also 
located  under  the  ring  gear  face,  as  shown  in  Figure  25  and  a  port  con¬ 
necting  the  displacement  chamber  to  the  ring  gear  face  is  located  op¬ 
posite  them. 

By  locating  these  Pj  t.nd  P2  port6  as  shown  in  Figure  2  5,  the 
ring  gear  ports  will  open  Pj  ports  to  half  the  displacement  chambers 
and  P2  ports  to  the  remaining  half.  The  resulting  pressure  force  on  the 
ring  gear  from  the  displacement  chambers  connected  to  Py  is  180  degrees 
opposite  P2  and  90  degrees  from  the  output  gear  contact  point.  Therefore, 
pressurizing  Pj  and  venting  P2  produces  rotation  in  one  direction,  while 
interchanging  pressure  and  return  reverses  the  motor.  This  also  satis¬ 
fies  the  desired  relationship  between  force  vector  and  ring  gear  position. 
Because  this  commutation  is  created  by  the  displacement  member  or 
ring  gear  itself,  it  will  always  rotate  in  phase  with  the  motor,  producing 
maximum  efficiency. 

One  of  the  primary  advantages  of  the  DYNAVECTOR  actuator 
is  the  potential  efficiency,  especially  outstanding  at  high  ratios.  The 
unique  ring  gear  transmits  the  load  reaction  forces  at  close  to  one- 
to-one  correspondence  to  ground  and,  therefore,  is  actually  an  output 
or  high  torque  member.  On  the  other  hand,  it  is  also  the  dynamic  member 
of  the  motor,  which  is  the  low  torque  component  of  the  system. 

Two  other  factors  present  in  conventional  rotary  motor  plus 
transmission  systems  are  significantly  reduced  by  the  DYNAVECTOR 
actuator  design  and  operation.  The  relative  velocities  between  dynamic 
and  static  members  are  very  small,  because  of  the  small  amplitude 
epicyclic  motion.  In  a  DYNAVECTOR  actuator,  the  relative  velocity 
between  the  ring  gear  and  the  housing  is  only  a  function  of  the  eccentricity, 
which  is  usually  less  than  one -tenth  of  an  inch,  times  the  angular  velocity. 
Whereas,  in  a  conventional  motor,  there  are  usually  components  with  a 
radius  more  than  an  inch  rotating  at  the  same  angular  velocity.  This 
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also  holds  true  for  the  transmission  which  does  not  have  the  conventional 
input  gear  running  at  high  pitch  line  velocities.  The  relative  velocities 
between  the  meshing  teeth  correspond  to  those  found  in  the  last  stage  of 
a  conventional  transmission. 


The  absence  of  high  relative  velocities  results  in: 

•  Friction  losses  at  high  motor  input  speeds  are  significantly 
reduced, 

•  Because  of  low  friction  losses,  high  mechanical  efficiencies 
can  be  obtained. 

•  Wear  is  greatly  reduced,  resulting  in  longer  life  of  the 
aciuator . 

The  other  factor  significantly  reduced  is  the  actuator  or  motor 
inertia.  In  conventional  high  speed  motors,  the  motor  inertia  resulting 
from  significant  mass  rotating  at  high  angular  velocity  has  always 
limited  the  motor  acceleration  or  response  capabilities.  The  small 
volumes  under  compression  have  generally  made  up  for  lack  of  response 
due  to  inertia  and  have  placed  rotary  servos  on  equal  terms  with  piston- 
cylinder  servos  having  very  little  inertia.  However,  the  spring  rate  of 
the  transmission  has  in  some  cases  presented  unwanted  decoupling 
between  the  load  inertia  and  the  motor  inertia,  resulting  in  load  re¬ 
sonance.  The  problem  is  usually  solved  by  stiffening  the  transmission 
at  the  expense  of  added  weight,  as  it  is  usually  the  load-carrying  output 
members  that  are  too  weak. 


The  DYNAVECTOR  actuator  has  no  mas 6  rotating  at  input  or 
force  vector  speed  and  only  a  small  reflected  inertia,  due  to  the  small 
eccentric  rotation  of  the  ring  gear,  and  the  low  speed  output  shaft.  There¬ 
fore,  it  has  an  inertia  equal  to  a  similar  capacity  pis  ton -cylinder  actu¬ 
ator  and  a  volume  under  compression  equivalent  to  a  conventional  similar 
capacity  rotary  servo.  This  combination  results  in  a  servo  with  a  response 
potential  many  times  that  obtained  by  present  day  systems. 


DYNAVECTOR  actuators  can  be  designed  utilizing  any  high  ratio 
in  the  epicyclic  transmission  by  substituting  a  ratio  other  than  one  to 
one  in  the  reaction  mesh.  In  compound  epicyclic  transmissions  of  this 
type  the  ratio  is  computed  from  the  following  expression: 
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The  nomenclature  is  given  in  Figure  26,  Unbalanced  High  Ratio 
DYNAVECTOR  actuator.  J.n  this  device  the  basic  description  and  operation 
is  the  same  as  in  the  low  ratio  actuators.  However,  the  ring  gear  will 
have  an  angular/ rotation  4which  is  a  function  of  the  gear  pitch  diameters 


and  is  equal  to 


1 


D, 


0..  Slightly  increased  motor  friction  will  be 


noted  from  vane  tip  sliding,  although  this  will  be  offset  through  more 
efficient  conversion  of  the  force  vector  to  output  torque, 


Porting  commutation  is  provided  from  the  motion  of  the  ring 
gear  as  in  the  low  ratio  design.  Due  to  the  rotation  of  the  ring  gear, 
the  Pj  and  P ^  ports  in  the  end  plates  are  not  holes  or  slots  but  con¬ 
centric  rings.  These  rings  will  commutate  Pj  and  tc  opposite  sides 
of  the  ring  gear  by  uncovering  porting  slots  in  the  ring  gear  at  its 
extreme  inward  and  outward  radial  positions. 
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Figure  26  -  Unbalanced  High  Ratio  DYNAVECTOR 
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Figure  27  -  Internal  Mesh  Balance  Configuration 
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Figure  28  -  External  Mesh  Balance  Configuration 
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OR  Pneumatic  Rudder  Actuator  Design  Drawing 
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The  number  of  vanes  or  displacement  chambers  only  deter¬ 
mines  the  *ry  low  speed  torque  ripple  present.  The  number  of  chambers 
need  not  be  odd  or  even  since  the  starting  torque  is  only  a  function  of 
the  force  vector  angle  which  varies  through  an  angle  equal  to  the  angle 
included  by  one  displacement  chamber. 

In  many  applications  involving  high  output  speeds  ano  power, 
the  unbalanced  ring  gear  inertia  force  will  be  significant,  and  cause 
vibration.  This  rotating  inertia  force  vector  can  be  eliminated  by 
designing  the  actuator  with  an  equal  unbalanced  force  vector  located  180* 
out  of  phase  with  the  ring  gear.  This  can  be  accomplished  by  splitting 
the  ring  gear  and  taking  half  of  the  torsion  on  diametrically  opposite 
sides  of  the  motor  as  in  Figure  27.  This  design  will  provide  complete 
force  balance  as  well  as  mass  balance. 

Another  design  which  provides  mass  balance  but  not  complete 
force  balance  is  shown  in  Figure  28.  In  this  design  the  inertia  effect  of 
the  ring  gear  are  canceled  by  counterweights  having  mass  and  epicyclic 
motion  equivalent  to  the  ring  gear  but  vectorially  opposed.  These  counter¬ 
weights  are  gear  driven  from  the  output  and  reaction  members  of  the 
actuator. 


B.  Servomechanism  Assembly  Design  and  Operation 

The  pneumatic  rudder  actuator  servomechanism,  DYNAVECTOR 
actuator  model  PH-370-B1  is  shown  in  Figure  29.  The  major  components 
of  this  assembly  are  summarized  in  Section  1  and  the  functional  inter¬ 
relationships  are  shown  schematically  in  Figure  7  through  10.  The 
functioning  of  these  components  for  the  four  modes  of  operation;  manual 
power,  manual  power  with  stability  augmentation  in  monitor  and  operating, 
and  autopilot,  will  be  described  in  detail  below. 

( 1 )  Load  Limit  Mechanism 

The  load  limit  mechanism  shown  in  Figure  2,  Section  1, 
couples  the  pilot  rudder  pedal  hydraulic  control  linkage  to  the  pneumatic 
actuator.  The  load  limit  mechanism  is  designed  to  allow  hydraulic 
control  linkage  movement  wuen  the  pneumatic  system  is  not  operative. 

The  mechanism  consistt  of  two  negator  springs  and  acts  as  a  rigid  link 
when  transmitting  loads  up  to  0.5  pounds.  When  the  pneumatic  3ystem 
is  not  operative,  and  the  pilot  displaces  the  hydraulic  control  linkage, 
the  pneumatic  input  linkage  lever  is  displaced  until  the  manual  valve 
spool  is  bottomed  out  in  the  valve  body.  The  linkage  microswitch  assures 
proper  phasing  of  the  pneumatic  servomechanism  with  the  hydraulic  system. 
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Since  the  pneumatic  manual  valve  body  cannot  track  the 
linkage,  further  hydraulic  linkage  motion  could  not  occur.  The  load  limit 
mechanism  allows  further  hydraulic  linkage  travel  by  deflection  of  the 
negator  springs  until  the  desired  rudder  position  is  attained. 


Power  Actuator  Desii 


Upon  energization  of  the  pneumatic  power  supply  solenoid 
by  the  pilot,  pneumatic  supply  pressure  is  ported  to  the  manual  valve 
supply  ports.  Displacement  of  the  input  linkage  lever  shifts  the  valve 
8 pool  in  the  valve  body  thereby  producing  a  pressure  differential  in  the 
DYNAVECTOR  power  actuator  eight  vane  chambers.  The  vanes  are 
spring  loaded  radially  outward,  and  the  pneumatic  force  vector  created 
by  the  vane  chambers  pressure  differential  drives  the  ring  gears  assembly. 
The  epicyclic  motion  produced  by  the  ring  gear  about  an  eccentric  axis 
offset  from  the  rudder  axis  drives  the  power  actuator  output  shaft  through 
an  internal  gear  mesh  concentric  to  the  rudder  axis.  Mounted  to  the 
power  actuator  output  ehaft  is  the  output  spline  which  engages  the  pneu¬ 
matic  clutch  piston  and  face  gear  assembly.  Both  the  clutch  piston  and 
piston  cylinder  rotate  integrally  with  the  power  actuator  output  shaft. 


Upon  energization  of  the  clutch  solenoid  switch,  pneumatic 
pressure  would  engaged  the  piston  face  gear  with  the  rudder  horn  adapter 
face  gear  provided  pronur  interlock  valve  position. 


‘3)  Actuator  -  Rudder  Interlock  Valve 

Prior  to  actual  engagement  of  the  pneumatic  rudder  actuator 
to  the  F101B  rudder  during  flight  tests,  monitoring  tests  of  the  pneumatic 
actuation  system  will  be  conducted  to  assure  proper  pneumatic  system 
functioning.  Engagement  of  the  pneumatic  system  to  the  rudder  and  shut¬ 
down  of  the  hydraulic  rudder  actuation  system  is  a  controlled  fail-safe 
procedure  such  that  if  a  failure  of  the  pneumatic  supply  occurs  or  the 
pneumatic  actuator  is  not  positionally  phased  properly  with  the  hydraulic 
system  command  position,  reversion  to  hydraulic  mode  will  occur  im¬ 
mediately.  Proper  positional  phasing  is  accomplished  by  a  redundant 
fail-safe  design  of  the  pneumatic  clutch  used  for  engagement  of  the 
pneumatic  power  actuator  to  the  rudder  horn.  The  clutch  teeth  are  of  a 
single  point  engagement  design  such  that  they  cannot  become  engaged  un¬ 
less  the  ruder  and  power  actuator  output  shaft  positions  arc  identical. 

The  actuator -rudder  interlock  valve  also  assures  proper  actuator  posi¬ 
tioning  before  engagement  can  occur.  Clutch  piston  pressurization  for 
engagement  by  50  psig  compressor  bleed  air  cannot  occur  until  the  inter¬ 
lock  valve  ports  are  properly  aligned. 


(4)  Actuator -Manual  Valve  Latch 

Upon  displacement  of  the  input  linkage  lever  and  manual 
valve  spool  and  subsequent  power  actuator  output  shaft  rotation,  the 
manual  valve  body  tracks  the  power  actuator  rotation  through  the  actuator- 
manual  valve  latch.  The  latch  consists  of  two  spring  loaded  piston  and 
cylinder  assemblies  denoted  in  Figure  29  as  latch  "A"  and  latch  "B".  In 
manual  power  mode  where  the  automatic  actuator  is  not  operative,  the 
latches  are  de-energized.  The  spring  loading  of  the3e  latches  locks  up 
the  manual  valve  body  to  the  power  actuator  output.  Thus,  as  the  power 
actuator  output  attains  the  commanded  rudder  angular  displacement 
position,  the  manual  valve  body  is  driven  with  the  power  actuator  until 
the  manual  valve  body  displacement  nulls  out  the  commanded  displacement 
of  the  linkage  and  valve  spool. 

(5)  Automatic  Actuator  Design 

The  automatic  actuator  is  an  unbalanced  DYNAVECTOR 
actuator  capable  of  introducing  stability  augmentation  or  autopilot  com¬ 
mands  to  the  power  actuator. 

The  reaction  gear  for  the  automatic  actuator  is  integral 
with  the  power  actuator  output  shaft.  Thus,  the  null  position  for  the 
automatic  actuator  is  always  maintained  at  the  rudder  position  existing 
at  any  given  time.  The  output  of  the  automatic  actuator  is  used  only  for 
biasing  the  manual  valve  body  relative  to  the  spool.  Therefore,  when  the 
pilot  wishes  to  stabilize  rudder  displacements  commanded  by  input  link¬ 
age  lever  motion  or  maintain  a  heading  under  autopilot  mode,  the  actuator- 
manual  valve  latch  switch  must  be  energized  thereby  porting  pneumatic 
supply  to  latches  "A"  and  "B”.  Pressurization  of  the  latches  mechanically 
links  the  output  of  the  automatic  actuator  to  the  manual  valve  body. 
Automatic  actuator  output  rotation  is  physically  limited  to  ±  5  degrees 
about  the  existing  rudder  position  as  the  stroke  of  the  latch  pistons  is 
equivalent  to  5  degrees  rotation  of  the  rudder.  A  plus  (  +  )  linkage  dis¬ 
placement  as  shown  in  Figure  29  would  produce  a  clockwise  rudder 
rotation  when  viewing  up  the  rudder  axis.  The  automatic  actuator 
direction  of  rotation  required  t.o  produce  such  a  clockwise  rudder  rotation 
would  be  opposite,  that  is  counterclockwise  viewing  up  the  rudder  axis. 

Such  a  rotation  of  the  automatic  actuator  would  displace  the  manual 
valve  body  relative  to  the  spool  in  an  identical  manner  as  if  the  linkage 
lever  were  displaced  in  a  plus  (  +  )  direction.  Thus,  the  power  actuator 
output  shaft  would  always  rotate  in  such  a  direction  as  to  limit  automatic 
actuator  rotation;  in  this  case  to  5  degrees  rotation. 


(6)  Instrumentation  Design 


The  electrical  potentiometer  and  tachometer  installation 
is  as  shown  in  Figure  29.  The  relative  displacement  and  velocity  functions 
generated  by  these  components  is  summarized  in  Table  V. 

2.  SERVOMECHANISM  COMPONENTS  DESIGN 

A.  Power  Actuator 

(1 )  Description 

The  power  actuator  as  proposed  is  designed  as  a  balanced 
DYNAVECTOR  actuator  with  counterweights  driven  in  an  epicyclic  motion. 
The  output  power  is  transmitted  through  a  single  ring  gear.  In  this  design, 
force  couples  will  not  be  produced  in  the  loaded  members  and  there  will 
not  be  a  tendency  for  the  ring  gear  to  skew.  The  epicyclic  counterweights 
will  individually  produce  a  skewing  couple  resisted  by  the  ring  gear 
through  thrust  bearing  ring  surfaces  made  of  Delrin  AF  material.  The 
couples  produced  by  the  two  counterweights  are  small  in  magnitude  and 
opposite  in  direction  jmd  will  not  have  a  significant  net  effect  upon  the 
ring  gear. 

The  heavily  loaded  members  are  located  near  the  outer 
diameter  of  the  package,  providing  maximum  torque  capacity.  The  virtual 


Table  V  -  Potentiometer  and  Tachometer  Functions 
(Reference  Figure  29) 


Potentiometer  No. 

Function 

1 

Manual  Valve  Body  to  Power  Actuator  Output 

2 

Power  Actuator  to  Airframe  . 

3 

Manual  Valve  Spool  to  Manual  Valve  Body 

4 

Power  Actuator  to  Automatic  Actuator 

Tachometer  No. 

1 

Power  Actuator  to  Automatic  Actuator 

4 

2 

Power  Actuator  to  Airframe 

. . 

motor  is  located  in  the  center  of  the  actuator  and  consists  of  eight  dis¬ 
placement  chambers  formed  by  sliding  carbon  vanes.  The  motor  is  ported 
from  both  ends  thereby  balancing  the  pressure  forces  acting  on  the  ring 
gear. 

(2)  Design  Analyses 

(a)  Gear  Pitch  Diameter  Sizing 


The  power  actuator  is  sized  on  the  basis  of  transmission 
torque  capacity  and  motor  displacement.  Minimum  size  is  of  prime  im¬ 
portance  due  t*>  the  available  aircraft  space  and  specified  weight  limita¬ 
tions.  The  actuator  is  required  to  have  a  stall  torque  capability  of 
9  0,2,00  in-lbs  and  produce  a  maximum  angular  output  velocity  of  60*/sec. 

In  sizing  the  transmission  first  on  the  basis  of  torque 
capacity(  the  approximate  gear  sizes  may  be  established  from  the 
following  relationships: 


Ft  * 


tt  S  y  b 

s 


(Lewis  Equation  for  gear  tooth  stress)  (14) 


where: 


=  tangential  load  applied  to  the  tooth 

=  face  width 
=  tooth  stress 

=  diametral  pitch 
=  tooth  form  factor 
=  gear  pitch  diameter 


ahd, 


t  N  D 


(15) 


where: 


T  =  maximum  torque 


N  *  number  of  teeth  sharing  load 


nS  yb  4  T 
s  _ o 

DP  N  D 
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DP  (D  ) 

N  s  1  — & (assumption  to  be  verified  with  computer  run) 


(16) 
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(18) 


Use  of  a  high  strength  alloy  steel  such  as  A1S1  4340 
will  permit  a  gear  design  stress  as  high  as  7  5,000  without  exceeding  the 
endurance  limit.  The  tooth  form  factor  "Y"  for  a  stubbed  tooth  gear  will 
be  assumed  to  be  0.5  based  upon  previous  experience. 

The  relationship  between  the  pitch  diameter  and  gear 
face  width  for  a  torque  capacity  of  10,200  in-lbs  becomes: 


D 

P 


'7 


40  x  10,000 


75,000  x  0.5  x  b 


D 
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% 
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The  tooth  face  width  and  pitch  diameter*  can  be  selected 
from  the  following  chart: 


b 

Dp 

1.50 

2.71 

1.25 

2.96 

1.00 

3.31 

0.75 

3.82 

0.50 

4.70 

(b)  Transmission  Ratio 

The  power  actuator  can  be  designed  to  operate  with  a 
for  e  vector  angular  velocity  of  420  radian* /»ec  or  4,000  RPM.  Thi* 
Velocity  i*  established  from  the  actuator  commutation  porting  area  and 
the  valve  orifice  area.  Although  this  maximum  force  velocity  might  be 
considered  arbitrary,  velocities  in  this  range  provide  the  most  desirable 
balance  between  motor  displacement,  porting  area,  and  bearing  P-V  values. 

The  actuator  maximum  output  velocity  must  be  60*/ sec 
or  10  RPM.  The  transmission  must  therefore  have  an  approximate  re- 
duction  ratio  of: 


N' 


4,000 

10 


or  400/1 


The  motor  displacement  (Dm)  required  for  the  power 
actuator  to  provide  an  output  torque  of  10,200  in-lbs,  assuming  an  over¬ 
all  actuator  mechanical  efficiency  (i^)  of  80  percent  is: 


D 

m 


2  it  T 

N'  (AP)  qt 


(20) 


_  10,200  x  2  ir  J  200 

m  400  x  AP  x  0.80  AP 

Assuming  a  recovery  A  P  of  45  psig 

D  =  4.45  in3 
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At  this  point#  due  to  the  restrictions  on  the  power 
actuator  size  for  this  application#  preliminary  layouts  must  be  made  to 
establish  a  combination  of  gear  sizes,  transmission  ratio#  and  motor  dis¬ 
placement  providing  specified  motor  performance  within  the  smallest 
package  size. 

The  transmission  ratio  for  this  actuator  configuration 
is  determined  from  equation  (13) 


N' 


D„  D 
2  3 


D-D 
3  l 


By  adjusting  the  various  design  parameters  and  ob¬ 
serving  their  effect  upon  the  design  trend,  the  following  gear  sizes  were 
selected: 


Gear 

Dp 

DP 

N 

Di 

4.17 

24 

100 

D2 

4.37 

24 

105 

°3 

4.42 

24 

106 

D. 

4.62 

24 

111 

The  exact  transmission  ratio  is 

, _ 105  x  106  s  11,130 

N  ‘  105  x  106  -  100  x  !  1 1  “  11,130-11,100 


N'  =  371/1 

» 

(c)  Gear  Face  Width 

Using  the  gear  addendum  sizing  computer  program  to 

eliminate  tooth  tip  interferences  through  the  arcs  of  approach  and  recession 
in  the  reaction  gear  mesh#  the  gear  pitch  radii  are  RQ  *  2.1166,  R^  =  2,1786, 
with  a  pressure  angle  of  20*  and  contact  ratio  of  1.496.  Figure  30  de¬ 
scribes  the  relation  between  teeth  and  the  nomenclature. 
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Figure  30  -  Tooth  Form  Factors 


Based  upon  gear  designs  involving  these  gear  addendums, 
trochoids  of  the  gear  tooth  motion  can  be  computed  giving  the  clearance 
between  teeth  as  they  engage  and  disengage.  By  computing  the  total  de¬ 
flection  between  two  teeth  transmitting  a  force  and  comparing  with  the 
clearance  between  other  teeth,  the  total  number  of  teeth  capable  of 
sharing  the  load  can  be  more  accurately  predicted. 

According  to  Buckingham^  *  \  the  empirical  equation 
for  the  combined  bending  and  compressive  deformation  of  a  mating  pair 
of  gear  teeth  when  the  contact  is  at  the  middle  of  the  gear  tooth  heights  is: 


If  \ 

' E _  Z  +  E.  Z.l 

u 

N 

N 

l  b  / 

E.  Z,  E.  Z„ 

i  / 

L  1  1  2  2  J 

(21) 


^  Buckingham,  Earle,  Analytical  Mechanics  of  Gears,  First  Edition, 
McGraw-Hill  Book  Company,  Inc.,  1949,  p.  342. 
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where: 


A  =  combined  deformation 
F  -  tangential  tooth  load 

b  =  tooth  face  width 
E  =  Young'*  Modulus 
y  =  tooth  form  facto:: 

Z  =  - * - 

0.£42  +  7.25  y 


From  the  geometry  of  the  gear  teeth,  yj  and  y£  are 
calculated  to  be  0.168  and  0.194  for  teeth  having  equal  tooth  tip  thicknesses. 
Solving  equation  (21) 


Zx  =  0.115 


Z£  =  0.118 


A  = 


b 


[o.574  x  10"6] 


The  maximum  allowable  tooth  tip  load  is  determined 


from  equation  (14) 


Ft  S."  75,000x  0.526 


1,645  lbs /in 


b  DP  24 

where: 

Y  =  ir  y 

and  the  combined  deformation  is; 

A  =  1,645  lbs/in  [o.574x!0'6] 
A  =  0.000945  in  . 
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The  arc  of  teeth  which  will  share  the  torsion  load  can 
be  determined  from  a  comparison  of  the  tooth  trochoid  clearance  computer 
results  and  the  combined  deformation.  In  this  case  13  degrees  of  arc 
in  the  approach  and  11  degrees  on  the  recession  arc  will  share  in  trans¬ 
mitting  torque.  Correcting  out  initial  estimate  of  the  number  of  teeth 
sharing  the  load  from  10  percent  to  6.6  percent,  and  the  "Y"  form  factor 
from  0.5  to  0  527 


60.5  T 


S  Y  b 

s 


60.5  x  10,200 
75,000  x  0.527  b 


*  3.96 


vr 


In  the  reaction  mesh,  the  pitch  diameter  (Dp)  in  the 
higher  stressed  external  gear  is  4.17  inches,  rest  g  in  a  gear  face 


width  (br)  : 


3.96 


4.17 


=  0.902 


In  the  output  mesh,  the  percent  of  teeth  sharing  the 
load  is  nearly  the  same  as  in  th';  reaction  mesh  and  therefore,  the  required 
face  width  of  the  gears  is: 


3.9612 


4.37 


=  0.82  in. 


(d)  Porting  Area 


The  commutation  -porting  area  must  be  sized  such  that 
it  will  not  limit  the  free  running  motor  speed.  Assuming  that  the  force 
vector  has  a  maximum  angular  velocity  of  418  rad/sec,  flow  (Q)  through 
each  displacement  chamber  is: 


*  irD  e6'  (i) 

_  . .  i ,  .  m 

Q  =  (in  / sec)  =  - 

c 


(22) 


* 


* 

— 


•  4 

t 


where: 


D  =  mean  diameter  of  the  displacement  chamber  (in) 
m 

f  =  lergth  of  the  displacement  chamber  (in) 

c  =  number  of  displacement  chambers 

e  =  eccentricity  of  ring  gear  (in) 

0'  -  angular  velocity  of  motor  (rad/sec) 

O  -  ir  x  2.66  x  3.12x0. 125x418 
U  8 

3 

Q  =  170  in  / sec 

The  commutation  porting  area  is  calculated  from  the 
following  expression  for  gas  flow  out  of  an  upstream  region  based  upon 
upstream  gas  density: 


Q  = 


(23) 


The  fj  (P^/P^)  is  estabT sled  by  the  acceptable  pressure 
drop  through  the  commutation  porting.  If  thi».  is  limited  to  1  psi  at  maxi¬ 
mum  motor  speed,  (P^/P^  will  be  (39/40)  and  f^  (0.975)  is  0.31. 

Solving  for  the  commutation  orifice  area  (Ag)  at  the 
worst  case  condition  with  the  supply  air  at  -65°F,  and  assuming  an  orifice 
coefficient  of  discharge  ('J^)  equal  to  0.7  we  have 

_ 170 _ 

"^g  0.7  x  ^395  x  340  x  0.31 


( 


operate  at  the  low  speed  of  the  output  shaft.  The  operating  temperatures 
for  the  bearings  is  expected  to  be  no  higher  than  300*F  allowing  grease 
lubrication  and  common  bearing  materials. 

The  bearings  will  be  subjected  to  individual  radial  loads 
which  will  not  exceed  1,150  lbs.  The  quiet  running  radial  load  capacity 
for  the  bearing  design,  (Kaydon  KC-50-CP  bearing),  is  3,450  lbs.  static, 
thus,  providing  a  factor  of  safety  of  3. 

B.  Automatic  Actuator 

The  purpose  of  the  automatic  actuator  is  to  convert  the  amplified 
output  differential  pressure  signals  from  the  autopilot  into  proportional 
rotary  motion.  This  rotary  output  creates  an  error  signal  in  the  manual 
control  valve  by  shifting  the  position  of  the  valve  body  with  respect  to 
the  valve  spool. 

The  specification  for  the  automatic  actuator  response  is  5  cps 
at  an  amplitude  of  0.001  radiars.  The  torque  required  to  provide  thia 
response  is  insignificant,  and  the  actuator  can  be  sized  to  provide  torque 
for  positional  stability  of  the  manual  control  valve  body  and  overcome 
friction  losses  in  the  drive  mechanism. 

By  selecting  a  transmission  ratio  equal  to  the  power  actuator, 
371/1,  and  designing  the  automatic  actuator  to  provide  250  in-lbs  torque, 
the  required  motor  displacement  can  be  calculated  from  equation  (20). 

T  x  2  ir  ,  _ 

_  o _  _  250  x  2  it 

ni  N'  x  AP  x  371  x  45  x  0.72 

D  =  0.13  in^/rev 
m 


Selecting  a  transmission  ratio  equal  to  the  power  actuator  will 
produce  equal  force  vector  velocities  in  the  two  actuators  and  porting 
areas  and  gear  designs  can  be  proportional.  The  motor  displacement 
of  0.13  in^  result j  in  a  package  having  a  mean  diameter  of  0.88  inches 
and  a  length  of  0.375  inches. 

The  unbalance  due  to  the  ring  gear  inertia  is  negligible  and  the 
automatic  actuator  will  be  designed  as  an  unbalanced  h.gh  ratio  device. 
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C.  Automatic  Servovalve 


( 1 )  Description 

The  automatic  servovalve  will  be  a  pneumatic  four-way 
spool  valve  actuated  by  «:  ±  6  psid  pressure  signal  applied  to  a  fluid  state 
input.  A  i  5  psid  signal  displaces  the  0.250  diameter  spool  ±  0.010  inches 
in  a  direction  dependent  on  the  differential  pressure  in  the  system.  The 
maximum  spool  supply  area  of  0.001  square  inches;  the  maximum 
exhaust  area  is  0.0015  square  inches.  The  valve  is  designed  to  operate 
within  a  temperature  range  of  70*F  to  500*F.  The  valve  spool  and  body 
are  made  of  440C  stainless  steel. 

The  schematic  diagram,  Figure  31,  shows  the  internal 
mechanism  of  the  servovalve.  The  basic  concept  for  stroking  the  spool 
using  vortex  flow  in  the  ram  chambers  was  chosen  for  simplicity.  The 
end  lands  of  the  spool  become  the  buttons  of  vortex  valves.  The  annular 
clearance  between  the  spool  and  body*  provides  the  supply  flow  from  the 
supply  pressure  land.  Control  flows  are  injected  tangentially  into  this 
clearance  area  while  flew  exits  from  the  center  of  the  end  caps. 


Because  the  valve  is  a  flow  control  valve,  spool  position 
must  be  a  function  of  the  input  signal.  This  requirement  was  met  by  a 


spool  position  feedback  signal  which  is  summed  with  the  input  signal  at 
the  vortex  valves.  A  tapered  ramp  on  the  spool  varies  a  nozzle  area  which 
provides  a  pressure  signal  that  is  a  function  of  spool  position  for  the 
feedback  signal. 

The  vortex  flow  also  provides  the  necessary  damping  of 
spool  motion,  eliminating  the  need  for  conventional  damping  tanks. 

Lubrication  is  provided  by  a  black  oxide  film  applied  to  the 
spool  and  bore  by  preheating  the  parts  in  an  oxidizing  atmosphere.  The 
end  caps  and  manifolds  will  also  be  fabricated  from  440  C  stainless  steel. 

The  valve  seals  used  will  be  commercial  metallic  static 
seals  fabricated  from  Inconel  "X".  They  are  silver  plated,  special  care 
will  be  taken  to  lap  the  sealing  surfaces  to  a  fine  finish. 

(2)  Design  Analysis 


Figure 


A  dynamic  model  of  the  automatic  servovalve  is  shown  in 
32.  The  nomenclature  used  is  listed  below: 


=  Area  of  end  of  spool  -  in 
=  Control  port  throat  area  -  in* 


=  Jjlxit  hole  area  -  in 


4^ 

=  Feedback  port  throat  area  -  in 

2 

=  Nozzle  ramp  annular  area  -  in 

2 

-  Annular  area  between  spool  and  bore  -  in 

=  Discharge  coefficient 

=  Ratio  of  specific  heat  of  gas 
=  Vortex  gain  factor 

2 

=  Spool  mass  -  lbrSec  /in 

=  Tangential  velocity  of  fluid  at  outer  wall  of  chamber  -  Mach  No. 


=  Control  pressure  -  psia 
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Ambient  pressure  -  psia 


=  Feedback  pressure  -  psia 

=  Pressure  at  inside  periphery  of  exit  hole  -  psia 


=  Pressure  at  outer  wall  of  vortex  chamber  -  psia 


=  Supply  pressure  -  psia 


=  Gas  constant  -  in-lbf/lbm  *R 


=  Laplace  operation  of  d/dt 

W  M 
c  c 

=  Swirl  factor  =  — — -  -  non-dimensional 

WN 

=  Gas  temperature  - 


=  Volume  under  compression  at  spool  end  -  in 

=  Control  flow  entering  control  port,  A  ,  -  ib/sec 

c 

=  Weight  flow  displaced  by  spool  -  lb/ sec 

=  Control  flow  entering  control  port,  A^,  lb/sec 

=  Weight  flow  leavihg  nozzle- ramp  area  A  -  lb/sec 

n 

=  Exit  flow  leaving  exit  hole  -  lb/sec 

=  Pressurization  weight  flow  -  lb/sec 

=  Supply  flow  entering  annular  chamber  A^  -  ib/sec 

=  Quiescent  normal  clearance  between  nozzle  and  ramp 
surface  -  in. 


=  Spool  position  -  in. 


=  Nozzle  gain  parameter  = 


-  in 


s 


Ramp  angle  -  radians 


The  presence  of  a  subscript  zero  or  additional  sub¬ 
script  zero  implies  the  quiescent  value  of  the  variable. 
When  subscript  zeros  appear  in  equations  the  variables 
without  subscript  zeros  are  changes  about  the  quies¬ 
cent  values. 


=  Patio  subsonic  to  sonic  gas  flow  for  pressure  ratio  P  /P 

°  o  c 


Ratio  subsonic  to  sonic  gas  flow  for  pressure  ratio  P  / P. 
multiplied  by  pressure  ratio  P JJ? 


=  Ratio  of  subsonic  control  momentum  to  sonic  r  ntrol 

momentum  at  pressure  ratio  P  / P 

o  c 


Control  port  fc  ck  pressure  sensitivity 
coefficient 


_  f  1 

P 

oo 

£l 

P 

L  s  J 

"p^1 

oo 

£l 

p 

L 

-v 

p 

_ 00 

P 

_  COJ 

f3 

p  1 

oo 

p 

Supply  annulus  back  pressure  sensitivity 
coefficient 


Control  momentum  back  pressure  sensitivity 
coefficient 


# 


1 


m  m 

P  I 
£  •  -22 

2  P, 
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Exit  hole  gain  parameter 
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K  =  1  if  exit  hole  is  flowed  sonically. 

Referring  to  Figure  32,  the  vortex  chamber  is  considered 
to  be  a  volume,  V,  at  a  chamber  pressure,  P  .  The  exit  hole  is  con¬ 
sidered  to  be  a  fixed  orifice  with  an  upstream  pressure,  P. ,  related  to 
the  chamber  pressure,  PQ,  and  the  vortex  flow's  tangential  Mach  number. 
For  r.ormalization,  the  following  defined  quantity  will  be  used. 
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P  ,  given  by, 
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The  spool  position,  yg,  response  to  small  input  signals, 
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Normalization  o£  equation  (24)  yields* 
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The  third  order  factors  a,  P  and  u>  are  given  by 
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(3 )  Dynamic  Design  Factor» 

A  1/4  inch  spool  valve  with  a  stroke  of  ±  0.010  inches  was 
chosen  to  meet  the  required  area.  The  critical  parameters  are, 


Spool  end  area  A 
Vortex  exit  hole  area 
Vo-tex  chamber  volume  V 
Control  and  feedback  port  area 
Spool  Mass  M 
Supply  area  A 


0.0491  sq.  in. 
0.0005  sq.  in. 
0.0025  cu.  in. 
equal 

0.00011  lb-sec^/in. 
0.0003  sq.  in. 


Setting  the  ram  chamber  quiescent  pressure  at  35  psia 
results  in  a  natural  frequency  of  the  servovalve  of, 
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=  860,000 


(34) 


u>  “  926  rad/ sec  =  147  cps 

ns 


(35) 


Maximum  flow  gain  of  the  vortex  pilot  stage  is  desired  and 
set  by  adjusting  the  constant  2KKj  ^too^  e<lua^  to  onc  (*)•  Since  the 
exit  holt  is  sonic  and  is  equal  to  1,  MtOQ2  must  be  set  at  0.1179.  As¬ 
suming  the  supply  orifices  to  be  choked,  the  constants  in  equations  (25), 
(26),  (27),  and  (28)  become, 
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Substitution  of  the  known  quantities  into  these  and  the  remaining  equation 
of  the  analysis  section  enables  one  to  obtain  a  and  (3.  For  example,  :j<j 
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(0.1179)  (1.84)  =  0.217 
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Choosing  a  control  area  of  0.00005  sq  in.  and  setting  Pco  =  P^Q  results 
in 
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and  for  a  <^.010  in.  nozzle,  a  gain  6  of  10  and  a  ramp  angle  of  5* 
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From  equation  (31) 
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Similarly, 
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4C  i.85 

0.0025 
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Figure  33  shows  the  valve  response  characteristics. 
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FREQUENCY  tCFS) 


Figure  33  -  Automatic  Servovalve  Frequency  Response 


Static  Deeign  Factors 
From  equation  (33) 
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Thus,  the  required  differential  pressure  across  the  valve  will  be 

2  (3.1 )  =  6.2  psid 


for  a  full  ntroke  error. 

D.  Manual  Valve 

The  manual  servovalve  provides  the  power  actuator  supply  flow 
and  is  driven  by  the  pilot  input  linkage  and  by  the  atuomatic  actuator 
during  automatic  operation.  Figure  34  is  a  sectional  view  of  the  valve 
showing  the  design  philosophy.  A  closed  center,  four-way  spool  forms 
the  heart  of  the  valve.  The  spool  is  directly  connected  to  the  pilot  input 
linkage  with  the  bell  crank.  As  the  pilot  moves  the  linkage  the  spool  is 
displaced  with  respect  to  the  body,  proportional  to  the  linkage  motion. 

The  power  actuator  shaft  which  is  directly  connected  to  the  valve  body 
in  manual  operation  must  rotate  the  valve  body  to  keep  the  spool  at  null. 
Since  the  input  linkage  pivot  point  is  on  the  center  line  of  the  output  shaft, 
the  shaft  must  move  through  the  same  angle  the  input  linkage  .does. 

2 

The  maximum  valve  area  is  0.040  in  on  each  land.  The  servo 
loop  gain  requirement  is  such  that  the  valve  must  open  proportionally 
to  the  bell  crank  displacement  for  the  first.0.08  inches  of  travel  at 
which  time  it  must  be  fully  open.  However,  the  bell  crank  must  be  free 
to  displace  an  additional  0.82  inches.  In  order  to  provide  these  require¬ 
ments  a  special  land  design  is  required.  Figure  3  5  a  sketch  of  the 
design.  Slots  equal  in  width  to  the  required  active  st  oke  are  milled  in¬ 
to  the  spool  sleeve.  The  spool  will  uncover  these  slots  proportional  to 
its  stroke  until  the  full  area  is  open.  Thereafter,  the  spool  is  free  to 
continue  without  additional  area  being  opened. 

This  design  results  in  almost  zero  force  required  to  actuate 
the  valve  thus  the  pilot  will  feel  no  additional  effort  when  operating  the 
pneumatic  servo  in  parallel  with  the  hydraulic  servo. 

The  spool,  spool  sleeve,  and  body  will  be  fabricated  from  440C 
stainless  steel  and  oxide  coated  for  dry  film  lubrication  between  the 
spool  and  spool  sleeve.  The  bell  crank  will  be  an  integral  part  of  the 
assembly  thus,  backlash  will  be  eliminated  as  well  as  undesirable  forces 
on  the  spool  assembly.  A  flex  pivot  will  be  used  to  attach  the  bell  crank 
to  the  valve  body  for  a  zero  friction  pivot  point. 
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Figu  re  34  -  Manual  Servovalve  Assembly 


The  valve  body  assembly  will  mount  directly  to  the  Actuator- 
Manual  Val^e  Latch.  The  supply  flow  will  pass  from  the  valve  body 
through  this  latch  into  the  power  actuator  through  sliding  seals  between 
the  latch  and  the  actuator  housing. 


E.  Clutch  Mechanism 


( 1 )  Introduction 

A  number  of  methods  are  used  to  actuate  and  control  clutches 
with  the  best  choice  depending  on  the  application.  The  three  basic  types 
of  actuation  are:  mechanical,  electrical,  and  fluid  (hydraulic  or  pneumatic). 
The  mechanical  system  is  ruled  out  in  this  application  because  of  the 
complexity  of  the  linkage  required  to  actuate  the  clutch  and  the  require¬ 
ment  for  automatic  operation.  Most  electrically  actuated  clutches  are 
of  the  electromagnetic  type,  and  because  of  the  large  forces  involved  to 
keep  the  clutch  engaged,  this  type  of  clutch  would  be  excessively  heavy 
and  the  size  would  exceed  the  allowable  envelope.  A  pneumatically 
actuated  clutch  is  selected  because  of  the  requirement  that  the  present 
hydraulic  system  not  be  modified  and  the  fact  that  the  DYNAVECTOR 
it'  a  pneumatic  actuator.  Using  a  pneumatic  clutch  also  reduces  the 
weight  of  the  clutch  and  provides  for  fail-safe  operation  as  the  clutch 
will  automatically  disengage  when  there  is  loss  of  pneumatic  pressure, 
allowing  hydraulic  or  mechanical  control  of  the  rudder. 

The  following  clutch  operational  requirements  are  design 

objectives: 

(a)  The  clutch  must  remain  engaged  under  stall  loading  with 
a  zero  coefficient  of  friction. 

(b)  The  clutch  must  disengage  under  stall  loading  with  a 
coefficient  of  friction  of  0.375  with  pressure  assist  and 
C.2  without  pressure  assist. 

(2)  Nomenclature 

Fj  =  Friction  force  (lb) 

F  =  Kickoff  spring  force  (lb) 

K 

F  =  Piston  force  (lb) 

P 

F  *  Gear  separating  force  (-lb) 

F  -  Tension  spring  force  (lb) 
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-  Tangential  force  (lb) 

=  Pressure  angle  (deg) 

=  Output  torque  (in -lb) 

=  Pitch  radius  (in) 

=  Coefficient  of  friction 
=  Pitch  diameter  (in) 

=  Tooth  length  (in) 

=  Shear  stress  (psi) 

=  Compressive  stress  (psi) 

2 

=  Tooth  area  (in  ) 

=  Washer  width  (in) 

x  Tooth  thickness  at  the  pitch  line  (in) 

x  Number  of  waves  in  wave  washer 
x  Number  of  teeth 
=  Stress  area  (in6) 

x  Wire  diameter  (in) 

x  Wall  thickness  (in) 

=  Spring  mean  diameter  (in) 

=  Poisson's  ratio 
x  Piston  diameter  (in) 

=  Natural  logarithm 
=  Radial  stress  (psi) 

=  Diameter  of  concentric  ring  on  which  face  gear  separating 
force  acts  (in) 

x  Tangential  Stress  (psi) 
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p 

8 

=  Pressure  (psia) 

A 

=  Deflection  (in) 

a 

=  Constant  dependent  on 

ratio  of  outer  radius  to  inner  radius  of 

a  circular  plate 

E 

=  Modulus  of  elasticity 

(psi) 

Subscripts  o  and  i  refer  to  outside  and  inside  respectively 
Subscript  l  refers  to  face  gear 

(3)  Clutch  Design 

(a)  Design  Description 

The  pneumatic  tooth  clutch,  Figure  36,  provides  high 
torque  capacity  and  positive  engagement.  It  is  an  on-off  device  that 
consists  of  essentially  three  parts:  splined  output  shaft  of  the  a'ctuator, 
a  toothed  piston  having  an  internal  spline  mating  it  to  the  actuator  output 
shaft,  and  a  toothed  output  member  connected  to  the  rudder  horn  through 
a  torque-limiting  splined  shaft. 

When  the  volume  between  the  actuator  output  and  the 
piston  is  pressurized,  and  the  volume  between  the  piston  and  the  output 
member  is  vented,  the  piston  moves  into  engagement  with  the  clutch 
output  member,  the  teeth  on  the  piston  meshing  with  the  teeth  on  the  out¬ 
put  member.  Positive  alignment  is  achieved  by  incorporation  of  a  single 
point  engagement  design  in  the  face  gear  teeth.  When  the  engagement 
chamber  is  evacuated  and  the  disengagement  chamber  pressurized, 
release  plungers  assist  in  separating  tl\e  two  clutch  members  forcing 
the  piston  back  toward  the  actuator  output  shaft.  The  wave  washer  moves 
the  piston  toward  the  actuator  output  shaft  to  assure  positive  disengage¬ 
ment  of  the  clutch  and  to  minimize  the  possibility  of  accidental  engage¬ 
ment  due  to  vibrations  or  accelerations  along  the  shaft  axis. 

(b)  Force  Analysis 

Preliminary  design  layouts  of  the  DYNA VECTOR 
actuator  assembly  in  the  F101B  aircraft  result  in  the  maximum  spaqfe* 
envelope  for  the  clutch  as  indicated  by  the  clutch  housing  outline  shown 
in  Figure  36.  To  optimize  the  clutch  package  and  to  determine  actuation 
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Figure  36  -  Pneumatic  Tooth  Clutch 


forces,  a  force  analysis  is  conducted.  Summing  forces  in  the  axial 
direction,  the  piston  force,  when  the  clutch  is  engaged, is  expressed  as 


F  =  F  +  F  +  F  -  (F  +  F  ) 
P  r  w  f  r 


(47) 


The  force  required  for  disengagement  without  pressure  assist,  is  obtained 
from  equation  (47)  by  setting  F^  =  0. 


F  +  F  +  F  >  F,  +  F, 
s.  r  w  f.  f 


(48) 
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The  friction  forces  (F^  and  F^)  and  the  gear  separating  force  (Fs^)  are 
derived  from  the  following  equations: 

F.  1  (i  F  (49) 

f  n 

F  T 

F  =  =  - 2 — ~  (50) 

n  cos  6  R  cos  A 

P 

T 

F  r  -  tan  $  (51 ) 

s  R 

P 

The  sliding  spline  diameter  is  dictated  by  the  actuator 
design  while  the  face  gear  diameter  is  governed  by  the  stresses  in  the 
output  member.  The  sliding  spline  and  face  gear  tooth  form  and  pressure 
angle  are  identical  to  those  used  by  Eclipse -Machine  Division,  Bendix 
Corporation,  in  their  electromagnetic  clutches.  The  design  data  is  sum¬ 
marized  in  Table  VI. 

The  piston  force  required  to  insure  continuous  engage¬ 
ment  for  a  stall  torque  of  10,500  in -lbs  is  obtained  fzom  equation  (47) 
for  various  face  gear  pressure  angles  and  plotted  for  varying  coefficients 
of  frictibn  in  Figure  37.  The  force  required  to  disengage  the  clutch  is 


Table  VI  -  Pneumatic  Clutch  Design  Data 


Sliding  Spline 

Face  Gear 

Pressure  angle  ■  30* 

• 

Pressure  angle  ■  20* 

Involute  tooth  form 

Straight-sided  tooth  form 

Pitch  diameter  ■  5.833  in 

Pitch  diameter  ■  4.465  in  (middle  of  tooth) 

70  teeth 

140  teeth 

12/24  pitch 

Tooth  OD  ■  4.62  in 

Addendum  ■  0.0416  in 

Tooth  ID  ■  4.31  in 

Dedendum  ■  0.052  in 

Tooth  height  (at  OD)  «  0.064/0.066  in 

Tooth  length  •  0.340  in 

Tooth  spacing  (@  OD  tooth  root)  ■  0.0275/0.0265 

<c  .ei  x  tn) 


•  9.1  9.1  9.)  94  9.1  94 

p  cot pricirHT  of  friction 

Figure  37  -  Clutch  Pieton  Force  Requirement  Veraue  Tooth 

Coefficient  of  Friction 
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obtained  for  various  face  gear  pressure  angles  and  coefficients  of  friction 
and  also  plotted  in  Figure  37.  The  coefficient  of  friction  is  assumed  to 
be  the  same  in  the  sliding  spline  and  the  face  gear.  The  release  spring 
force  and  the  wave  washer  force  at  full  engagement  are  assumed  to  be 
constants  of  120  lbs  and  55  lbs,  respectively.  The  piston  force  required 
to  insure  clutch  engagement  for  a  pressure  angle  of  20  degrees  under 
stall  conditions  and  zero  coefficient  of  friction  is  1810  lbs,  from  Fig¬ 
ure  37  The  maximum  piston  diameter  available  is  6.40  in.  which  yields 
a  pressure  area  of  32.2  sq.  in.  For  a  differential  pressure  of  50  psid, 
the  maximum  piston  force  is  1,610  lbs,  as  indicated  by  the  horizontal  line 
to  the  left  in  Figure  37.  As  is  evident  from  the  graph,  this  force  will  not 
keep  the  clutch  engaged  under  stall  conditions  and  zero  iriction.  Since 
the  DYNAVECTOR  actuator  is  capable  of  10,500  in-lbs  output  torque  for 
a  supply  pressure  of  50  psig,  the  clutch  must  remain  engaged  for  a  50 
psig  supply  pressure  also.  The  piston  diameter  cannot  be  increased  with¬ 
out  exceeding  the  clutch  envelope.  Reducing  the  pressure  angle  of  the  face 
gear  will  reduce  the  separating  force  and,  therefore  the  piston  force  re¬ 
quired  to  keep  the  clutch  engaged  as  shown  in  Figure  37.  However,  a 
decrease  in  the  face  gear  pressure  angle  decreases  the  maximum  coef¬ 
ficient  of  friction  for  which  the  clutch  will  disengage,  as  ir  evident  from 
Figure  37.  The  design  goal  of  fail-safe  operation  for  loss  of  pressure 
to  the  actuator  requires  that  the  clutch  disengage  without  pressure  assist. 
The  anticipated  coefficient  of  friction  for  the  candidate  materials  is  0.15 
and  does  not  vary  significantly  with  time.  To  allow  for  all  contingencies, 
a  range  in  coefficient  of  friction  of  0.03  to  0.20  is  assumed.  For  this 
range  of  coefficients,  the  clutch  will  remain  engaged  and  separate  without 
pressure  assist  for  a  face  gear  pressure  angle  of  20  degrees  and  is  cap¬ 
able  of  disengaging  with  pressure  assist  for  a  coefficient  of  friction  up 
to  0.375. 


equations: 


(c )  Stress  Analysis 

The  spline  tooth  stress  is  determined  from  the  following 
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1.2732  T 
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(52) 


(53) 
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which  assume  all  teeth  carrying  the  load.  Assuming  that  only  2 5  percent 
of  the  teeth  carry  the  load,  the  stresses  on  the  spline  are 


S 

s 


1.2732  00,100)111  ,  6>320  pi( 
(0.34)  (5.833)2 


_  2,5  (10,500) (4) 

5  —  2 

(0.34)  (5.833) 


9,090  psi 


which  is  well  below  the  yield  strength  of  the  material  selected  for  the 
spline  members  -  a  nitrided  steel. 

The  stresses  in  the  face  gear  teeth  are  obtained  from 
the  following  equations: 
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A  N 
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(54) 
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t 


t  N  b 
P 


(55) 


Since  the  face  gear  teeth  are  cut  on  a  radial  line,  the  tooth  is  more  highly 
stressed  at  the  inner  diameter  of  the  tooth;  therefore,  the  tangential 
force  and  the  tooth  area  at  this  point  are  assumed  for  the  whole  tooth 
length  when  calculating  the  tooth  stresses.  Assuming  that  25  percent  of 
the  teeth  carry  the  load,  the  tooth  stresses  are 


S  =  n  mmwum  '  13-770 
c  \0. 0101)  (140)  r 


_  48  60  (4) 

Sa  =  l0.05)  (140)  (0.155) 


=  17,  920  psi 


which  are  well  below  the  yield  strength  of  nitrided  stoel. 
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Stresses  in  the  piston  are  due  to  tooth  separating  forces, 
torsional  loads  and  pressure  forces.  For  this  preliminary  design,  the 
piston  is  assumed  to  consist  of  two  parts;  a  cylinder  with  an  internal 
spline  and  a  disk  with  face  gear  teeth.  The  cylindrical  portion  of  the 
piston  is  subjected  to  shear  stress  due  to  the  torque  and  a  tangential 
stress  due  to  spline  separating  and  pressure  forces,  which  are  determined 
from  equations  (56)  and  (57),  respectively. 


S 

s 


16  T  d 
_ o  o 

4  4 

it  (d  -  d.  ) 
o  1 


S 

t 


P  d 

s 

2  t 

w 


(F  +  P  A  )  d 
s  s  m 


2  A  t 
m  w 


(56) 


(57) 


The  area  over  which  the  spline  separating  force  is 
assumed  to  act  is  at  the  root  of  the  tooth  which  is 


A  =  tt  (5.937)  (0.470)  *  8.76  in2 
rn 

and  the  tangential  stress  from  equation  (57)  is 


-  2518  (5.937) 

t  =  (2)  (8.76)  (0.2315) 


3830  psi 


The  shear  stress  for  stall  conditions  from  equation  (56)  is 


16  (10,500)  (6.40) 

g  m  4  "" ■'  "  '  4 

IT  (6.4  -  5.937  ) 


726  psi 


The  disk  portion  of  the  piston  is  subjected  to  face  gear 
separating  forces,  pressure  forces  and  torsional  loads.  The  cylindrical 
portion  of  the  piston  is  assumed  not  to  affejt  the  stresses  in  the  disk.- 
The  force  due  to  the  release  pins  is  assumed  negligible.  When  the 
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clutch  it  engaged,  the  stresses  at  the  disk  edge  are  obtained  .from 
equations  (58)  and  (59) 


2  3Fe  r  /a\2l 

c  .  *  d  (A P) _ 1.  _i 

r  **  r  2  "  2  A"l  d 

12  16  t  Zirt  L  \  ol  J 


S  =  S 


s  =  s  +  s  +  s 

t  t  t  t 
12  3 


=  S  v  +  S  v  f-  — ~ — ■ —  =  S  v 
"  r  -a  d  t  r 

1  2  f  w  max 


•n*  d.  t 
i  w 


(59) 


When  the  clutch  is  disengaging  with  pressure  assist  and  the  face  gear 
teeth  are  still  in  mesh,  the  radial  stresses  are  additive  and  are  obtained 
from  equation  (60)  while  the  tangential  stresses  are  the  same  as  those 
obtained  from  equation  (59) 


s  =  s  +  s 

r  r  r 
l  2 


3  d  (AP) 

,  2 
16  t 

w 


t*  H81 


(b0) 


The  deflections  at  the  disk  center  must  not  be  excessive 
and  they  are  obtained  for  the  engaged  clutch  and  when  the  clutch  is  dis¬ 
engaging  from  equations  (61)  and  (62),  respectively. 


A  = 


3d  (1  -  v  )(AP) 
64  E  t  3 


3  Y  (1  -  v  ) 


v  >  r  id  n 

II -  I  Id  2-d2l-d2in-£ 

"Et3  XZ\?  1  I  1  \}\ 


(61) 


4  2  3  F  (1  -  v  ) 

3  d  (1  -  v  )(AP)  9 _ 


64  E  t 


8  it  E 


i  a  -  v  I  r 


2  I  o\ 

-  di  H  d 
\  21 


(62) 
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< 

| 
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The  radial  stresses  at  the  edge  and  the  disk  deflection  at  the  center  are 
plotted  for  the  assumed  configuration  in  Figure  38  for  the  clutch  in  en¬ 
gagement  and  Figure  39  for  the  clutch  disengaging  and  the  face  gear  teeth 
still  in  mesh.  The  deflection  should  be  kept  small;  however  the  weight 
of  the  piston  must  be  kept  minimum  and,  therefore  a  wall  thickness  of 
0.20  inch  is  assumed. 

The  tangential  or  torsional  stress  for  this  wall  thick¬ 
ness  and  Ft  acting  at  the  mean  tooth  diameter  from  equation  (59)  is 

S  =  (17,250)(0.3)+  — 4^4—  =  6.855  psi 

t  tt  (4.465)  (0.2) 


and  the  piston  design  is  adequate. 

The  most  highly  stressed  part  of  the  output  member 
of  the  clutch  is  the  0.200  inch  thick  disk  from  the  face  gear  to  the  center 
hub  which  is  subjected  to  torsional  and  gear  separating  forces.  The 
critical  area  is  at  the  hub  where  the  stress  due  to  gear  separating  forces 
is  in  bending,  or  a  radial  stress,  and  is  expressed  an 


3  F 


1 


r  „  2 

2  TT  t 

W 


2d  (1  +  v)ln~  +  (d  -  d.  )  (1  -  v) 
o  d.  o  i 

_ x _ 

d  (1  +  v)  +  d.  (  1  -  v ) 
o  1 


(63) 


Substituting  the  dimensions  and  loads  into  equation  (63)  and  using 
Poissons  ratio  of  0.3  (for  steel),  the  stress  is 


S 

r 


3  (1642) 

2  t  (0.200)' 


2  (4.62)2  (1.3)  In  — +  (4.62  -  9)  (0.7) 


(4.62)  (1.3)  +  9(0.7) 


=  18,850  psi 


The  shear  stress  due  to  the  torsional  load  is  also 
maximum  at  the  hub  and  is  expressed 


S 

6 


t  d 

1  o 

. .  ■  -u  ... 

.  2 

TT  d.  t 

1  w 


(64) 
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Combining  the  radial  stress,  which  is  either  compressive  or  tensile 
and  the  shear  stress  results  in 


18,850 


max 


18,850  2  . ,2 

— -  +  (3,690) 


2  I 


-  1 9,535  psi 


S 


max 


^18,8 5ol  2  „  /0rtV2 

—  +  (3,690) 


=  1 0, 1 1 0  psi 


The  deflection  of  the  face  gear  due  to  the  gear  separating  forces  is 
determined  by  the  following  equation 


A  = 


o  F  ,  2 
s  d 
1  o 


(65) 


4  E  t 


w 


PR 


where  a  is  dependent  on  the  ratio  of  the  outer  to  the  inner  diameter  and 
is  equal  to  0.025  for  this  case.  For  stall  conditions  and  an  E  of  30  x  10^  psi, 
the  deflection  at  the  face  gear  if  unsupported  is 


A  =  <«;«>_  .  0.000915  in. 


4  (30  x  106)  (0.2)3 


The  wave  washer  is  designed  so  that  its  output  force 
when  the  clutch  is  engaged  is  55  lbs.  The  stress  and  deflection  equations 
for  a  wave  washer  are: 


S  = 


3irFD 


a  *.2  2 

4  w  t  n 
w 


(66) 


a 
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The  wave  washer  should  not  be  deflected  to  its  solid  height,  because 
a  load  at  solid  height  cannot  be  held  with  any  uniformity.  A  force  of 
approximately  twenty  (20)  lbs  on  the  piston  is  desired  when  the  clutch 
is  completely  disengaged  to  alleviate  the  problems  of  accidental  engage¬ 
ment  due  to  vibrations  or  accelerations.  The  desired  spring  rate  is, 
therefore,  approximately  390  lb/in.  A  wave  washer  with  the  following 
dimensions  is  selected 

D  =  6.0  in. 

w  =  0.27 5  in. 

E  =  30x10^  psi 

t  =  0.0625  in. 

w 

n  =  3 


The  pre-load  deflection  from  free  height  is  obtained  by  subtracting  the 
stroke  of  the  piston  (0.090  in.)  from  the  above  deflection  and  is  0.0508  in. 
The  pre-load  force  is 


F 


0.0508  x  391 


19.85  lb 


which  is  the  desired  pre-load.  The  maximum  stress  for  a  Bolid  height 
deflection  0.170  inches  from  equation  (66)  is 


S  = 


3  tt  (0.17  x  391)  (6) _ 

4  (0.275)  (6.25)Z  10'4  (3)2 


=  97,500  psi 


which  is  satisfactory. 


The  helical  coil  release  springs  are  standard  springs 
manufactured  by  Eclipse  Machine  Division  and  have  a  spring  rate  of 
50  lb/in.  A  release  force  of  15  lbs  per  spring  is  required  to  disengage 
the  clutch  in  the  fail-safe  mode.  The  stress  in  the  spring  is  expressed 


S  = 


2.55  F  D 


(68) 


and  is, 


S  = 


2.55  (15)  (0.2475) 
(4.75)3  x  10‘6 


=  88,000  psi 

which  is  well  below  the  endurance  limit  for  the  material  used  in  the 
spring. 


(d)  Weight 

The  clutch  assembly,  as  shown  in  Figure  36,  has  a 
design  weight  of  eight  (8)  pounds.  An  electromagnetically  actuated  clutch 
of  the  equivalent  torque  capacity  would  weigh  eighteen  (18)  pounds. 


F.  Automatic  Actuator  Sen 


iifier  and  Ppfcitiort  ' 


(1 )  Servo  System 

The  automatic  actuator  servo  loop  consists  of  a  fluid  state 
servoamplifier,  a  fluid  state  position  transducer,  a  servovalve,  and  the 


\ 
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automatic  actuator.  The  input  or  demand  to  the  servo  loop  comes  from 
the  autopilot  and  is  a  position  command  signal.  Figure  40  is  a  schematic 
of  the  servo  circuit.  The  autopilot  input  signal  at  ±  2  psid  pressure  is 
summed  with  the  position  feedback  signal  in  the  summing  amplifiers  to 
produce  a  servo  error  signal.  This  error  signal  is  amplified  by  a  ven- 
jet  amplifier  circuit  and  used  to  drive  the  servovalve.  The  servovalve 
in  turn  operates  the  actuator  which  positions  the  position  transducer  on 
the  output  shaft  to  cancel  out  the  error  signal.  Each  stage  operates  in 
push-pull  mode  to  eliminate  pressure  regulation  requirements.  The 
main  50  psig  supply  pressure  is  dropped  through  a  series  of  orifices  to 
provide  the  required  pressure  to  each  stage. 

(2)  Servo  Amplifier 

The  summing  amplifiers,  vortex  valves,  and  venjets  together 
represent  the  servo  amplifier.  The  summing  amplifier  is  a  low  gain 
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Figure  40  -  Automatic  Actuator  Servosystem 
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vortex  amplifier.  It  accepts  the  low  level  input  and  position  feedback 
signals  and  preamplifiee  their  sum  to  provide  an  error  signal.  As  the 
input  differential  pressure  swings  positive  the  feedback  differential 
pressure  must  become  negative  in  order  for  the  output  differential  to 
remain  at  zero. 

Figure  41  is  a  design  drawing  of  the  summing  amplifier. 

The  vortex  chamber  diameter  will  be  1  / 4  inch.  The  unit  is  flange  mounted 
and  all  ports  are  connected  through  this  mounting  flange.  The  amplifier 
itself  will  be  a  diffusion  bonded  assembly  without  internal  seals  or  joints. 
The  overall  dimensions  will  be  about  1/2  inch  in  diameter  by  3/8  inch 
high.  The  material  will  be  440C  stainless  steel. 

The  error  signal  is  amplified  by  a  novel  Bendix  amplifier 
called  a  venjet  or  vented-jet  amplifier.  It  utilizes  a  single  power  jet 
and  receiver  and  is  controlled  by  varying  the  pressure  surrounding  the 
power  jet.  Gains  of  up  to  25  psi  per  psi  input  have  been  obtained  making 
this  device  suitable  for  error  signal  amplification.  A  conventional  vortex 
valve  is  used  to  control  the  vent  pressure  by  throttling  the  vent  flow. 

This  venjet-vortex  valve  combination  with  give  the  highest  power  gain 
possible  and  therefore  will  also  serve  as  the  driver  stage  for  the  servovalve. 

Figure  42  is  a  design  drawing  of  the  venjet-vortex  valve 
circuit.  It  also  is  fabricated  from  440C  stainless  steel  and  diffusion 
bonded  together  to  eliminate  seals  and  joints.  The  summing  amplifier 
flange  mounts  to  this  assembly  which  in  turn  mounts  to  the  actuator  housing. 
The  total  amplifier  weight  is  2  oz. 

(3)  Position  Transducer 

The  position  transducer  to  be  used  in  the  automatic  valve 
position  control  loop  is  a  currently  developed  fluid  state  device. 

The  fluid  state  position  transducer,  provides  a  pressure 
signal  that  is  a  function  of  rotary  position  of  the  automatic  actuator  relative 
to  the  power  actuator  position.  Figure  43  shows  the  transducer  con¬ 
figuration  designed  for  ±  5  degrees  oscillation  of  the  automatic  actuator 
relative  to  the  power  actuator.  The  transducer  body  will  be  mounted  to 
the  power  actuator  output  shaft  with  the  converging  variable  area  ducts, 
designed  to  create  a  linear  pressure  gradient  mounted  on  the  automatic 
actuator  output  member  surface.  Static  pressure  taps  located  on  the 
power  actuator  surface  remain  stationary  while  the  ducts  rotate  with 
the  automatic  actuator. 


■ 


P-3058 


«L 


Because  of  the  simple  construction  and  the  absence  of 
critical  orifice  sizes,  the  transducer  will  perform  reliably  without  drift 
or  permanent  changes.  The  basic  pressure  relationships  are  not  functions 
of  temperature,  thus,  the  device  will  operate  over  a  temperature  range 
limited  only  by  stx*uctural  strength.  The  output  signal  is  easily  trimmed, 
to  provide  the  desired  output-input  relationships  and  not  subject  to 
critical  machining  tolerances. 

3.  SERVO  SYSTEM  ANALYSIS 


A.  Torque-Speed  Characteristics 

The  torque-speed  characteristic  of  the  actuator  will  be  used 
to  determine  the  dynamic  response.  A  flow  model  of  the  actuator  shown 
in  Figure  4 6  was  used  to  obtain  this  characteristic.  The  various  symbols 
used  are: 


2 

Q  =  Volumetric  flow  rate  (in  /sec) 

F  =  Supply  pressure  (psia) 

s 

P  =  Ambient  pressure  (psia) 


I  — 


Upstream  motor  pressure  as  measured 
at  valve  port  (psia) 

Upstream  motor  pressure  inside  motor 
available  for  torque  (psia) 
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pz' 


=  Downstream  motor  pressure  as  measured 
at  valve  port  fpsia) 

=  Downstream  motor  pressure  inside  motor 
available  for  torque  (psia) 


g 


=  Valve  area 
-  Commutation  area 
*  Leakage  area 

The  various  flows  are  given  by 
Supply  Flow: 

CCA  P  (P 

d  v  s  ,  I 


w.  - 


11  C  Cd  Ac  P1  /Vi 

£i\F]  =  -yr  1\P1 


(69) 


Upstream  Leakage  Flow: 


W. 


c  ci A/  pi 


V? 


(70) 


Displacement  Flow: 


w  =  w  -  w 

8  l. 


(71) 


Downstream  Leakage  Flow: 


W. 


CCd  AePz'  .  (V 
Vt"  l\P2i 


(72) 


Exhaust  Flow: 


CC,A  P  ’  „ 

d  c  2  , 

W  =  - - - f- 

e 


Vt 


fpz] 

CCA  P, 
d  v  2 

'!e 

pz’ 

1 

lpzl 

(73) 


102 


p  ' 
2 


=  Downstream  motor  pressure  as  measured 
at  valve  port  (psia) 

=  Downstream  motor  pressure  inside  motor 
available  for  torque  (psia) 


g 


=  Valve  area 
=  Commutation  area 
=  Leakage  area 

The  various  flows  are  giv'  n  by 
Suppl*  Flow: 


CCA  P 

d  v  s 

,pl^ 

c  C  _  A  p. 
d  c  1  £ 

ipi\ 

8  *YT  1 

iPsl 

r  vt  1 

ip.J 

(69) 


Upstream  Leakage  Flow: 


W 


C  Cd  At  P1  f 


*\/t 


1 


(P1 


(70) 


Displacement  Flow: 


W  =  W  -  W 
8  l 


1 


(71) 


Downstream  Leakage  Flow: 


W. 


C  C  A  P  '  Pp 

d  e  2  e 


m \fF 


1  P2  / 


(72) 


Exhaust  Flow: 


W 


C  C  ,  A  P  ' 
d  c  2 


-\fr 


{PA 

C  C  ,  A  P 

1  d  v  2  f 

II 

► 

1— « 

fM 

0. 

(73) 
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and  from  conservation  of  mass 


% 


w  +  w.  =  w 

e 


(74) 


The  motor  output  torque  is  determined  by  the  differential  pressure 
Pf'  -  P2';  input  displacement,  dm  in^/rad;  the  gear  ratio  N1;  and  the 
etficiency  q.  Therefore, 

T  =  (P'-P  ')d  (N')  q  lb-ins  (75) 

12m 


Similarly  the  motor  speed  is  a  function  of  volumetric  displacement 
flow  and  from  the  perfect  gas  law: 


Q 


W  RT 


(76) 


and  if  9  (motor  output  speed)  is  to  be  £iven  in  degrees  pe-  second. 


360  W  RT 

2  ir  d  (P,  ')  N 1 
m  1 


(77) 


Equation  (69)  thru  (77)  were  programmed  on  a  digital  computer 
and  simultaneously  solved  to  determine  torque  and  speed  at  various 
points  between  stall  and  full  no  load  speed. 


are: 


( 1 )  Power  Actuator 

The  torque -speed  program  inputs  for  the  power  actuator 

P  =  65  psia 
s 

P  =  14.7  psia 
e 

C  =  0.528 

C,  =  0.80 
d 

r|  =  0.80 
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0 
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=  0.7  55  / rad 


=  0.003  in' 


=  0.125  in2 


=  0.01  ,  0.02,  0.03,  0.04,  (in^) 


The  results  are  shown  in  Table  VII  for  the  fully  open  valve 
case  ind  the  complete  torque-speed  curve  is  shown  in  Figure  47. 

(2)  Automatic  Actuator 

The  program  inputs  for  the  automatic  actuator  are: 

P  =65  psia 

s 

P  =  14.7  psia 

e 

C  =  0.528 

C.  =  0.80 


=  0.80 
=  530PR 


=  0.0352  in^/rad 


=  0.003  in' 


0.01  in2 


' 


Table  VII  -  Torque  Speed  Computer  Program  Results 

for  Power  Actuator 
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Figure  47  -  Power  Actuator  Torque - 

Figure  48  -  Automatic  Actuator  Torque - 
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A  =  Variable 
v 

N'  =  370 


The  torque  speed  characteristics  are  shown  in  Figure  48. 

B.  Inertia  Loads 

The  total  inertia  loads  are  required  for  response  calculations 
and  are  tabulated  in  Table  VIII  and  IX. 

C.  Dynamic  Response 

( 1 )  Power  Actuator 

The  linear  block  diagram  for  the  power  actuator  is  given 
in  Figure  49.  The  symbols  used  are  defined  as: 


X 

Y 


m 


6' 

0' 

P 

T 

o 

8T 

80 

8T 


=  Pilot  input  (in) 

=  Manual  valve  spool  position  (in) 

=  Manual  vaive  body  position  (in) 

=  Input  linkage  length  between  manual  valve  and  pilot  input 
point  (in) 

=  Input  linkage  length  Lv...ween  manual  valve  power  actuator 
centerline  (in) 

=  Rudder  position  (rad) 

=  Rudder  velocity  (rad/sec) 

=  Automatic  actuator  position  (rad) 

=  Power  actuator  torque  (lb-in) 


Power  actuator  torque  speed  slope  at  operating  point, 
(in-lb/sec) 

Power  actuator  torque-valve  position  slope  at  operating 
point,  (in-lb/in.) 


t 


Table  VIII  -  Power  Actuator  Inertias 


Member 

Inertia 

Gear  Ratio  From 
Member  to  Output 
Shaft 

Inertia  at 
Output  Shaft 
(In-  Lb-Sec2) 

Gear*  Active 

Rotating 

0  0552 

20 

22.10 

Eccentric 

0.000166 

370 

22.70 

Gear*  Balance 

Rotating 

0.0328 

20 

13.11 

Eccentric 

0.000166 

370 

22.70 

Houaing' 

0.053 

1 

0.53 

Rudder 

2.33 

1 

2.33 

j  Power  Actuator  Total  83.47  | 

Table  IX  -  Automatic  Actuator  Inertias 


Member 

Inertia 
(In- Lb-Sec2* 

Gear  Ratio  F rom 
Member  to  Output 
Shaft 

Inertia  at 
Output  Shaft 
(In- Lb-Sec2) 

Ring  Gear 

Rotating 

0.00051 

20 

0.2040 

Eccentric 

0.00000222 

370 

0.3020 

Output  Shaft 

0.0030 

1 

0.0030 

Link  and  Manual 
Valve  Spool 

0.0060 

1/4 

0.0004 

|  Automatic  Actuator  Total  0.5094  | 

Figure  49  -  Power  Actuator  Block  Diagram 


J  =  Power  actuator  total  inertia  (in-lb- sec^) 
P 

Tj  =  Compressibility  time  constant  (sec) 
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where 


P  =  ;  jrage  quiescent  actuator  pressure  at  operating  point 


The  block  diagram  reduces  to  a  third  order  characteristic 
equation  given  by: 
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where  the  static  stiffness  Kq  is  given  by 
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This  equation  may  be  normalized  into 
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where: 


w 


ns 


9T 

_ o 

86' 

J  t 
P  1 


(82) 


108 


J  w 


(83) 


IF  |Wns| 

From  Figure  47  picking  an  operating  point  at  5000  in-lbs 

the  torque-speed  characteristic  8T-/0&  is  1  5,200 ~  .7”,  .  The  inertia 

,  ,  ,  p  rad/ sec 

Pp  *rom  Table  VIII  is  83.47  in-lb-sec6  and  the  pressurization  time  constant 

Tj  is  given  by  equation  (78) 


3  (15,20':Q 


1  [o.755  (370)]  2  (1.4)  (40) 


=  0.0104  sec 


Therefore,  from  equation  (82) 


15,200 


(83.5)  (0.0104) 


=  17,500 


w  =  132  rad/sec  =  21  cps 
ns 


From  equation  (83) 


83.5  (17,500) 
K 


P  = 


15,200  (132) 


By  setting  the  gain  Kc  at  700,000  in-lb/rad,  a  =  0.73  and 
P  =  0.35.  This  results  in  a  power  actuator  response  characteristic 
as  shown  in  Figure  50. 
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(2)  Automatic  Actuator 


The  linear  block  diagram  for  the  automatic  actuator  is 
given  in  Figure  51. 

The  nomenclature  for  this  block  diagram  is  as  follows: 


a 


w~ 


Amplifier  output  (psid) 
Feedback  pot  output  (psid) 
Automatic  valve  position  (in) 


Auto  pilot  input  (psid) 
Amplifier  gain  (psi/psi) 


=  Servovalve  gain  (in/psi) 


=  Feedback  point  gain  (psi/rad) 


=  Servovalve  transfer  function 


=  Amplifier  time  constant  (sec) 


=  Pressurization  time  constant  (sec) 


=  Automatic  actuator  moment  of  inertia  (in-lb-sec  ) 


Automatic  actuator  position  (rad) 
Automatic  actuator  velocity  (rad/sec) 


=  Automatic  actuator  torque  (in-lb) 


=  Automatic  actuator  torque  gain  At  operating  point 


in -lb 


Automatic  actuator  torque -speed  slope  at  operating 
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The  servovalve  transfer  function  is  given  by, 
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and, 
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_ < 

MV 
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where: 

M 

V 

k 

P 

o 

A 

also, 

a 

P 


Spool  mass  (lb-sec^/in) 

End  chamber  volume  (in^) 

1 .4  for  air 

End  chamber  quiescent  pressure 
Spool  end  area 

1.0 

0.50 


The  block  diagram  of  Figure  51  may  be  reduced  to  the  form 
shown  in  Figure  52. 

i  *  .  in- lb s  ... 

From  Figure  48,  9T  /9p  =  900  — - - and  t.  is  cal- 

°  a  rad-sec  1 

Culated  to  be  0.009  seconds.  Setting  the  amplifier  time  constant  at 

8  cps,  the  closed  loop  response  of  the  automatic  actuator  was  obtained 

8T 

v-V  r  Q. 

and  is  shown  in  Figure  53.  The  required  gain  K  K  — zz —  K.  is 


a  s  9Y 


30,000  in-lbs/rad. 
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(3 )  Servomechanical  System 


The  total  system  response  to  autopilot  inputs,  p,  is  the  sum 
of  the  two  response  curves  of  Figures  50  and  53  and  is  shown  in  Fig¬ 
ure  54  superimposed  on  the  required  response  characteristic. 

D.  Gain  Requirements 


( 1 )  Power  Actuator 

The  input  linkage  geometry  is  such  that  the  ratio  of  input 
linkage  lengths  is  given  by 


1  4 

- -  =  —  and  i_  =  0.975  inches 

Vh  5  2 


Since, 


K 


9T 


9Y 


m 


I  1  =  700,000  -1- ^ 
2 1  rad 


9  T 


o  700,000 


9  Y 

m 


0.975 


=  718,000  in-lbs/in. 


From  Figure  47  the  torque  gain  at  the  operating  point  is 
about  20,000  in-lbs  for  full  valve  stroke  thus,  the  required  stroke  is 
given  by: 


Y 

max 


20,000 

718,000 


0.028  inches 


Therefore,  the  valve  must  be  fully  open  in  0.028  inches  or  0.112  inches 
of  pilot  inpiit. 
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igure  54  -  Complete  Actuator  Response  to  Autopilot  Input 


(2)  Automatic  Actuator 


Assuming  a  valve  gain  K  of  — in/psi  and  a  feedback 

B  o  0  0 

gain  of  60  psi/rad  along  with  a  torque  gain  of  60,000  in-lbs/in.  the 
required  amplifier  gain  is  calculated  from: 


K  K 
a  s 


30,000 


in-lbs 

rad 


_ 30,000 _ 

a  1  , ,  „  =  5.0  psi/psi 

—  (60,000)  (60)  F 

4.  INSTALLATION  REQUIREMENTS 

For  a  flight  evaluation  test  program  the  pneumatic  DYNAVECTOR 
rudder  actuator  would  be  mounted  concentric  to  the  rudder  axis  and 
coupled  to  the  rudder  horn  assembly  by  a  pneumatic  clutch.  This 
mounting  configuration  would  allow  the  DYNAVECTOR  actuator  to 
operate  in  parallel  with  the  existing  hydraulic  power  cylinder  and  damper 
assemblies.  The  aircraft  pilot  would  have  the  option  of  any  of  the 
following  operative  modes  with  such  a  dual  actuator  system  during  the 
evaluation  tests: 

•  Hydraulic  system  operative. 

Pneumatic  system  decoupled  from  rudder  and  inoperative. 

•  Hydraulic  system  operative. 

Pneumatic  system  decoupled  from  rudder  but  operative.  Output  of  de¬ 
coupled  pneumatic  system  monitored  to  provide  correlation  of  pneumatic 
output  to  pneumatic  and  hydraulic  systems  commands  and  hydraulic 
system  output. 

•  Hydraulic  system  inoperative.  Pneumatic  system  coupled  to 
rudder  and  operative.  Hydraulic  system  may  be  reactuated  and  pneumatic 
system  decoupled  from  rudder  at  any  time  in  event  of  pneumatic  system 
malfunction. 
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The  pneumatic  DYNAVECTOR  actuator  would  be  coupled  to  an 
adapter  bracket  mounted  to  the  rudder  horn  by  a  fail  safe  pneumatic 
clutch.  The  clutch  is  spring  loaded  out  of  engagement,  and  engaged  by 
pressurizing  with  50  psig  compressor  bleed  air. 

Manual  input  commands  from  the  pilot  controls  are  accomplished 
by  a  linkage  coupling  between  the  DYNAVECTOR  actuator  manual  valve 
and  the  existing  bell  crank  used  for  manual  inputs  to  the  hydraulic 
power  actuator.  Automatic  mode  yaw  damper  inputs  are  provided  by 
a  pneumatic  signal  from  the  yaw  damper  system  to  the  automatic  valve 
mounted  to  the  DYNAVECTOR  actuator  rotary  housing. 

Figure  2  shows  a  side  view  sectional  drawing  of  the  F101B  aircraft 
tail  assembly  in  the  area  of  the  hydraulic  power  actuator  cylinder  be¬ 
tween  fuselage  stations  F.S.  832.36  and  F.S.  801.00.  The  DYNAVECTOR 
actuator  mounting  structure  would  be  attached  to  the  bulkheads  at 
stations  F.S.  832.36  and  F.S.  814.90. 

The  linkage  for  aircraft  pilot  manual  commands  would  be  attached 
to  the  bell  crank  located  at  elevation  W.L.  96.78,  fuselage  station 
F.S.  799.00. 

Figure  3  shows  a  view  looking  up  the  rudder  axis,  the  location  of 
the  hydraulic  power  and  damper  actuators  and  the  concentric  mounting 
of  the  DYNAVECTOR  actuator. 

Figure  4  shows  a  view  forward  along  the  aircraft  longitudinal  axis 
at  fuselage  station  F.S.  832.36. 

Figure  5  is  a  sectional  view  forward  normal  to  the  rudder  axis  at 
elevation  W.L.  90.62  and  station  F.S.  831.346. 

The  modifications  required  of  the  F101B  aircraft  for  the  in¬ 
stallation  of  the  DYNAVECTOR  actuator  are  as  follows: 

A.  Bulkhead  Attachment 
(Ref.  Figures  2  and  3) 

Provide  required  mounting  attachments  to  bulkheads  at 
F.S.  832.36  and  F.S.  814.90  for  attachment  of  DYNAVECTOR  actuator 
support  structure. 


B.  Rudder  Horn  Attachment 


(Ref.  Figure  5) 

Mount  rudder  horn  adapter  to  rudder  horn  for  pneumatic 
clutch  output  member. 

C.  Fuel  Vent  Line  Valve  Hydraulic  Line 

(Ref.  Figures  2  and  4) 

Reroute  hydraulic  line  to  fuel  vent  line  valve  at  F.S.  832.36  to 
eliminate  interference  with  DYNAVECTOR  actuator  assembly. 

D.  Manual  Input  Linkage  Attachment 

(Ref.  Figure  2) 

Provide  mounting  for  linkage  yoke  at  linkage  input  point  on 
integrated  hydraulic  power  cylinder. 

E.  Power  Actuator  Hydraulic  Lines 

(Ref.  Figure  2) 

Reroute  hydraulic  line  to  power  actuator  to  eliminate  inter¬ 
ference  with  DYNAVECTOR  actuator  assembly. 


F.  Pneumatic  Power  Supply  and  Exhaust  Attachments 

Provide  power  supply  line  attachments  to  jet  engine  compressor 
bleed  point  and  actuator  exhaust  port  for  venting  outside  of  aircraft 
fuselage  if  hot  exhaust  is  not  permissible  in  tail  section. 


Hydraulic  Power  Cylinder  Disengagement 


A  two  position,  spring-solenoid  valve  would  be  required  in  the 
pressure  supply  line  to  the  hydraulic  power  cylinder.  In  the  solenoid 
"on"  position  supply  pressure  would  be  ported  to  the  detent  control 
cylinder  shown  in  Figure  2,  and  the  cylinder  supply  line  would  be 
vented  to  tank.  The  cylinder  by-pase  valve  would  open  as  in  the  event 
of  loss  of  utility  hydraulic  system  pressure,  thereby  allowing  fluid  to 


pass  from  one  side  of  the  power  cylinder  piston  to  the  other,  permitting 
pneumatic  system  operation.  The  lock-up  mechanism  locking  the  pilot 
input  to  the  power  cylinder  housing  would  normally  become  engaged 
with  such  a  loss  of  system  pressure.  Lock-up  would  necessarily  have 
to  be  prevented  during  pneumatic  operation  or  else  the  rudder  horn 
would  be  mechanically  linked  to  the  pilot  manual  command  linkage. 
Lock-up  would  be  prevented  by  a  hydraulic  signal  to  a  separate  piston 
and  cylinder  assembly  (Detent  control  cylinder)  that  would  act  as  a  stop 
thereby  preventing  lock-up  detent  engagement.  Upon  reversion  to 
the  hydrualic  mode,  the  lock  mechanism  stop  assembly  would  be  spring 
loaded  out  of  engagement  and  thus  not  interfere  with  normal  lock-up 
procedure  in  the  event  of  actual  los6  of  utility  power  supply. 
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5. 


POWER  CONSUMPTION  STUDY 


A.  Summary 

The  objective  of  this  analysis  is  to  predict  and  compare  the 
fuel  consumption  rate  of  three  motor-actuatore  for  a  given  flight  duty 
cycle.  The  actuators  to  be  considered  are  gear,  vane  and  DYNA- 
VECTOR  actuator. 

The  gear  and  vane  motors  must  be  coupled  to  a  transmission 
whereas  the  DYNAVECTOR  actuator  is  an  integrated  motor-transmission 
machine . 


The  technique  used  in  predicting  the  fuel  consumption  rate  is: 

(1)  Select  the  best  performance  data  available  of  each  of  the 
selected  motor-actuators. 

(2)  Normalize  and  plot  the  specific  fuel  consumption  data  with 
respect  to  normalized  speed,  (reference  paragraphs  B&E) 

(3)  Establish  the  torque  speed  profile  required  for  steady 
state,  stall  and  cyclic  conditions  as  specified  in  para¬ 
graphs  C  and  D. 

(4)  Predict  the  stall  and  zero  load  consumption,  (reference 
paragraph  D)  This  is  required  to  establish  the  "end 
points"  of  the  fuel  consumption  curves. 

(5)  Plot  fuel  consumption  rate  versus  flight  time  for  the 
duty  cycle  of  paragraphs  C  and  D. 

The  conclusions  of  this  power  consumption  study  are  that  the 
average  consumption  rate  for  the  duty  cycle  (reference  paragraph  C) 
based  on  a  240  minute  flight  at  530°R  gas  temperatures  is: 

Gear  Motor  0.011  lb/sec 

Vane  Motor  0.006  lb/sec 

DYNAVECTOR  Actuator  0.024  ib/sec 

These  results  are  based  on  optimized  consumption  data  for 
the  gear  and  vane  motors  and  the  current  status  of  DYNAVECTOR 
actuator  development  based  on  actual  DYNAVECTOR  actuator  test 
results.  It  is  predicted  that  with  continued  development  of  the  DYNA¬ 
VECTOR  actuator,  consumption  requirements  equivalent  to  the  best 
gear  motor  characteristics  should  be  attainable.  Based  on  DYNAVECTOR 
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actuator  fuel  consumption  equivalent  to  gear  motor  characteristics, 
the  predicted  maximum  fuel  consumption  at  910°R  gas  temperatures 
for  the  flightworthy  DYNAVECTOR  rudder  actuator  would  not  exceed 
0.018  lb/sec  and  the  mission  average  consumption  would  be  0.0043  lb/sec. 


B .  Normalized  Specific  Fuel  Consumption 

Previous  analysis  had  concluded  that  the  gear  and  vane  motor 
(with  transmissions)  are  the  best  standard  units  available  for  use  in 
the  rudder  actuator  design  concept.  To  gain  comparative  data,  gear, 
vane  and  DYNAVECTOR  actuator  motors  were  analyzed  for  performance 
requirements  of  paragraph  C. 

The  best  available  fuel  consumption  data  of  each  of  the  motors 
was  normalized  as  follows 


For  any  percent  of  zero  load  speed: 
^RT  (SFC)j  Dimensionless  = 


fRT.  lIsFC  1  [&] 

L  inj  HP  HR  l  J 

»  ■ 


(87) 


SFC 


LB 


SFC 


LB 


HP- HR 


Measured 


HP  HR  r]  Transmission  Efficiency 


whe  re : 


R 

T 

K 


In  -  lb 
Lb  °R 

°R 


-  Gas  constant  of  fluid  being  normalized 

-  Fluid  temperature 


23.8  10 


=  0.042  10 


■6  HP-HR 
LB -IN 


correction  factor  to  convert 
RT  (SFC)  into  a  dimension¬ 
less  number. 


■q  =  Transmission  efficiency  equal  to  1.0  in  this  analysis. 

A  normalized  specific  fuel  consumption  curve  for  each  of  the 
three  motors  is  given  in  Figure  55. 


C.  Rudder  Actuator  Duty  Cycle 

An  assumed  duty  cycle  has  been  derived  for  the  DYNAVECTOR 
rudder  actuator  application.  This  duty  cycle  defines  the  rudder  actuator 
load-speed  requirements  for  a  four  hour  flight  mission  as  summarized 
in  the  following  table. 
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RT  (SFC)  NORMALIZED  SPECIFIC  FUEL  CONSUMPTION 


0.2  0.4  0.6  0.*  1.0 


NORMALIZED  -  SPEED 

Figure  55  -  Normalized  Specific  Fuel  Consumption 


■ 
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Table  X  -  Flight  Mission  Pneumatic  Rudder  Actuator  Duty  C/cle 


STALL  CONDITIONS 

Duration  of  Stall 
(minutes) 

4 

4 

I  0 
10 
30 


CYCLIC 

CONDITIONS 

Amplitude 
(±  degrees) 

F  requency 
(cps) 

Torque  Variation 
(lb-ins) 

Time 

(minutes) 

20 

0.435 

0  to  ±4,860 

84 

5 

0.871 

0  to  ±  810 

35 

0.8 

2.18 

0 

63 

Stall  Torque 
(lb-ins) 

Rudder  Pc  aition 
(degrees) 

5,400 

20 

4,860 

20 

2.430 

10 

1,620 

10 

810 

5 

D.  Steady- State  F uel  Consumption 

The  normalized  specific  fuel  consumption  curves  based  on 
actual  test  data  for  the  gear,  vane  and  DYNAVECTOR  actuator  systems 
described  have  been  used  to  predict  the  steady- state  fuel  consumption 
of  these  systems  when  subjected  to  the  horsepower  requirements  of 
the  rudder  actuator  application. 

Steady-state  performance  is  based  on  a  linear  torque-speed 
load  line  between  a  stall  torque  of  5,400  lb-in6  and  a  zero-load  speed 
of  60  degrees  per  second. 

Predicted  fuel  consumption  values  in  the  maximum  output  horse¬ 
power  range  are  based  on  the  SFC  curves  in  Figure  55  for  the  gear,  vane 
and  DYNAVECTOR  actuator  systems  as  shown  in  Figures  56,  57  and  58 
respectively.  These  values  are  indicated  as  "SFC  Test  Data"  points. 
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Figure  57  -  Rudder  Actuator  Application  Gear  Motor  Steady-State 

Fuel  Consumption 
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Figure  58  -  Rudder  Actuator  Application  Vane  Motor  Steady-State 

Fuel  Consumption 
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LOAD  TOtOUE  (IN  -  LBS  X  UT3) 


The  predicted  fuel  consumption  requirements  for  the  zero 
horsepower  conditions  of  stall  and  zero-load  speed  cannot  be  calculated 
from  the  normalized  SFC  data  of  Figure  55.  Realistic  estimates  may 
be  made  however  by  redesigning  the  subject  test  motors  to  meet  the 
rudder  application  horsepower  requirements  as  described  below. 


( 1 )  Gear  Motor  Stall  and  Zero-Load  Fuel  Consumption 

The  pneumatic  gear  motor  analyzed  has  a  displacement 
of  3.2  in^/rev.  Performance  data  for  this  motor  when  operated  with  a 
800  psig,  30*F  nitrogen  supply  are  as  follows: 


Maximum  horsepower 
Stall  torque  -  T8 
Zero-Load  speed  -  Nm 
Stall  flow  -  Wa 
Zero-Load  flow  -  Wfc 


4.8 

275  lb-ins 
5#000  rpm 
0. 1 37  lbs/ sec 
0.30  Ibs/sec 


The  torque- speed  characteristic  for  this  motor  is  nearly 
linear  with  a  peak  horsepower  of  4.8.  The  peak  horsepower  point  for 
sizing  the  rudder  actuator  is  0.405  based  on  a  linear  characteristic 
from  a  load  stall  torque  of  10,200  lb-ins  and  a  zero-load  speed  of  10 
rpm.  To  allow  a  prediction  of  the  stall  and  zero-load  consumption  of 
a  resized  gear  motor  capable  of  0.405  peak  power,  it  has  been  assumed 
the  motor  displacement  must  be  reduced  by  the  power  ratio.  There¬ 
fore,  the  motor  stall  torque  will  be  reduced  by  the  displacement  ratio 
change,  assuming  operation  at  800  psig  supply,  and  the  motor  zero¬ 
load  speed  will  remain  at  5,000  rpm. 

Therefore,  the  resized  gear  motor  stall  torque  may  be 

given  by 


s  _  0.405 
275  “  4.8 

T  =  23.2  lb-ins 

8 

The  resized  gear  motor  displacement  will  be 

D  =  ■  ■  •—  (3.2)  -  0.27  in  /rev 

m  4.8 


(88) 


(89) 
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Assuming  the  stall  leakage  is  directly  proportional  to  the 
displacement!  the  stall  leakage  of  a  0.405  hp  gear  motor  at  800  psig 
nitrogen  eupply  will  be 


W 

a 


0.137 


0.27 

3.2 


0.0115  lbs/ sec 


(90) 


The  zero-load  consumption  for  the  4.8  hp  gear  motor  can 
be  stated  by  the  equation 


0.3  lbs/ sec 


K  ,  (N  )(D  ) 

d  m  m 


=  K  (5,000)(3.2) 
d 


(91) 

(92) 


Likewise*  the  resized  gear  motor  zero-load  consumption 
relationship  would  be 

WL  =  K  (5,000)(0.27)  (93) 

b  d 

The  constant  would  be  identical  for  equations  (92)  and 
(93),  assuming  identical  gas  density  conditions. 

The  resized  gear  motor  zero-load  speed  consumption 

would  be 


(5,000)(0.27) 

(5,000)(3.2) 


(0.30) 


0.0254  lbs/ sec 


(94) 


(2)  Vane  Motor  Stall  and  Zero- Load  Fuel  Consumption 


The  vane  motor  analyzed  has  a  displacement  of  6.0  in^/rev. 


Performance  data  for  this  motor 

when  operated  at  a  400  psig  20*F  nitro- 

gen  supply  are  as  follows: 

HP 

6.0 

max 

T 

8 

= 

185  lb-ins 

N 

5,100  rpm 

m 

W 

a 

0.083  lbs/ sec 

wb 

= 

0.195  lbs/ sec 

The  required  vane  motor  displacement  for  a  0.405  peak 
horsepower  application  may  be  given  by  equation  (89)  as  follows 

D  =  (,~7~~1(6.0)  =  0.405  in-Vrev.  (95) 

m  I  o.U  I 
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f 


Assuming  the  still  leakage  is  directly  proportional  to  the 
displacement,  the  stall  leakage  of  a  0.405  horsepower  vane  motor  with 
a  displacement  of  0.405  in^/rev  would  be 


W  =  0.083 
a 


0.4051 

6.0 


=  0.0056  lbs/sec 


(96) 


The  zero-load  consumption  is: 


W. 


(5. 100) (0.405) 

(5. 100) (6.0) 


(0.195)  =  0.0132  lbs/sec 


(97) 


(3)  Dynavector  Actuator  Stall  and  Zero- Load  Fuel  Consumption 

The  DYNAVECTOR  actuator  tested  has  a  displacement  of 
2.62  in^/rev.  Performance  data  for  this  actuator  when  operated  with  a 
400  psig,  70*F  nitrogen  supply  are  as  follows: 


Maximum  Horsepower 
Stall  Torque  -  Te 


Zero- Load  Speed  -  N. 
Stall  Flow  -  Wa 
Zero-Load  Flow  - 
Transmission  Ratio 


m 


=  0.94  hp 
=  1,850  lb-ins 
=  205  rpm 
=  0.055  lb/sec 
=  0.15  Ib/sec 
=  15:1 


The  rudder  actuator  DYNAVECTOR  actuator  has  a  dis¬ 
placement  of  4.57  in^/rev  and  a  ratio  of  370:1.  The  stall  torque  of  a 
370:1  DYNAVECTOR  actuator  at  50  psig  supply  will  be 


T  =  1,850 
8 


50 

400! 


4.57' 

2.62 


370 

15 


=  10,000  lb-ins 


(98) 


Assuming  the  stall  leakage  is  directly  proportional  to  the 
displacement  and  supply  pressure,  the  stall  leakage  for  the  4.57  in^/rev 
DYNAVECTOR  actuator  would  be 


W  =  0.055 
a 


50 

14001 


1 4.57  \ 

[2.62)  " 


012  lb/ sec 


(99) 


The  zero-load  speed  fuel  consumption  may  be  estimated 
by  calculating  the  displacement  flow  of  50  psig  supply  air  at  70*F  with 
the  DYNAVECTOR  actuator  at  an  output  zero-load  speed  of  10  rpm. 


129 


where 


(100) 


W  =  v  <D  )  (N  ) 
b  mm 


y  -  weight  dens  ity 


=  1.81  x  10'4  (4.57) 
b 


65 


RT  53.3(530)(  12) 
10  x  370* 


=  1.81  x  10’4  lb/in3 


60 


=  0.051  W  sec 


will  be 


For  a  gas  supply  at  600#F,  the  zero-load  mass  flow  rate 
I  560 


W. 


1,060 


(0.051)  =  0.027  lb/sec 


(101) 


The  method  of  calculating  the  zero-load  flow  consumption 
by  the  displacement  equation  may  be  confirmed  by  calculating  the  flow 
value  for  the  2.62  in^/rev  DYNAVECTOR  actuator  tested.  Assuming 
air/nitrogen  at  400  psig  and  70#F  the  weight  density  is 


415 


Y  = 


RT  53.3(530)(12) 


=  12.2  x  10‘4  lb/in3 


(102) 


The  mass  flow  at  205  rpm  output  with  a  transmission 
ratio  of  15:1  is 


-4  15  x  205 

WL  =  y  (D  )(N  )  =  12.2  X  10  (2.62)  ----- 

b  mm  oO 


=  0.165  lb/ sec 


This  calculated  mass  flow  is  within  7  percent  of  the  actual 
recorded  test  value  of  0.155  lb/sec. 


(4)  Fuel  Consumption  During  Power  Transmission 


The  normalized  specific  fuel  consumption  curves  of 
Figure  55  were  used  to  compute  the  fuel  consumption  requirements 
during  power  transmission.  The  intermediate  full  consumption  points, 
indicated  as  "SFC  data"  in  Figures  56,  57  and  58  were  calculated  as 
follows.  For  any  given  speed  point  (taken  a6  a  percent  of  zero  load 
speed),  the  weight  flow  rate  may  be  found  by  taking  the  product  of  the 
load  horsepower  and  the  SFC  value  from  Figure  55. 


W 

W 


[sFc]  [HP] 
[RT  (SFC)] 


lbs/HR 

r,*i 


[H?]  60  K  RT 

»  m 


lbs/ 


min 


(103) 


f 
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p 


where 

[rt  (SFC)J 


HP  = 


1 


Dimensionless  Number  at  any  percent  of  Zero 
Load  Speed 

Horsepower  -  Determined  from  the  steady-state 
torque  speed  curve 


60  K 

Equation  (103)  becomes 

W  =  RT  (SFC) 


3.96  k  10  lbe-in/HP  -min  units  correction  factor 
(Figure  56) 


M  Nr^-] 


lb/ 


min 


where 

R  =  m-lbs/lbs- *R  -  gas  constant  of  fluid  being  used 

T  =  *R  fluid  temperature 

The  normalized  specific  fuel  consumption  curve  (Figure  55) 
cannot  be  used  for  stall  and  zero  load  values  since  the  resulting  product 
of  equation  (103)  would  be  zero. 

E.  Duty  Cycle  Fuel  Consumption 

The  duty  cycle  defined  in  paragraph  C  above  is  comprised  of 
both  stall  and  cyclic  conditions.  Stall  load  consumption  has  been  assumed 
to  be  a  direct  ratio  of  the  stall  load  function  directly  proportional  to  the 
stall  load  magnitude.  The  cyclic  consumption,  however,  consists  of  both 
stall  and  pow;*r  transmission  flow  conditions.  Calculations  for  the  cyclic 
consumption  therefore  consider  both  stall  and  SFC  consumption  conditions. 

Stall  Load  Fuel  Consumption 

The  stall  load  fuel  consumption  requirements  for  the  DYNA- 
VECTOR  actuator,  gear  and  vane  motor  systems  has  been  found  as  de¬ 
fined  in  paragraph  D  above  at  a  load  torque  value  of  5400  lb-in.  Assum¬ 
ing  the  stall  consumption  at  any  other  stall  torque  load  value  is  directly 
proportional  to  the  torque  magnitude,  the  consumption  for  th torque 
values  specified  in  the  duty  cycle  may  be  found.  As  an  example,  the 
DYNAVECTOR  actuator  predicted  fuel  consumption  demand  at  a  stall 
toique  of  2430  lb-in  is 


Figure  59  shows  graphically  the  stall  consumption  require¬ 
ments  for  the  duty  cycle  stall  conditions  for  each  of  the  three  actuation 
systems  analyzed.  The  average  consumption  rates  for  the  duration  of 
stall  load  conditions,  58  minutes  is  summarized  as  follows: 

i4  09 

DYNAVECTOR  Actuator  -  W  =  ------  =  0.243  lb /min  =  0.0041  lb/sec 

a  58 

Gear  Motor  -  W  =  — r~~  =  0.233  lb/min  =  0.0039  lb/sec 

a  58 

Vane  Motor  -  W  =  — =  0.111  lb/min  =  0.0019  lb/sec 

a  58 

(2)  Cyclic  Fuel  Consumption 

The  predicted  steady- state  fuel  consumption  curves 
(Figures  56,  57  and  58)  were  "re-normalizedM  as  shown  in  Figure  60 
using  the  techniques  described  in  paragraph  B  above.  The  re-normalized 
specific  fuel  consumption  curve  incorporates  the  assumptions  described 
in  paragraph  D{4). 

An  example  solution  for  calculating  the  ryclic  fuel  con¬ 
sumption  for  the  DYNAVECTOR  actuator  is  given  as  follows: 

Assume  the  rudder  conditions  are  as  follows; 

amplitude  ±20  degrees 

frequency  0.435  cps 

load  torque  ±4860  lb-in 

The  rudder  displacement  is  given  by 

0'  =  0'  cos  (cat)  0  <  cat  <  it 
o 

where 

0'  =  rudder  position  for  any  angular  displacement  (cat) 

0^  =  initial  rudder  amplitude  -  20* 
cot  *=  angular  displacement  of  the  forcing  frequency 
whe  re  v. 

ca  =  2  ir  f  t  =  2.74  t 

/  * 


■ 


* 
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FUEL  CONSUMPTION  (Li/SEC  X  102) 


FLIGHT  TIME  (MINUTES) 


60 


Figure  59  -  Duty  Cycle  Stall  Load  Fuel  Consumption 
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P-3905 


NORMALIZED  -  SPEED 

Figure  60  -Normalized  Specific  Fuel  Consumption 
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where : 
0' 


Rudder- Angular  Velocity: 

6'  =  0'  to  sin  (tot) 

o 

C'  =  54.8  sin  (tot)  0  <  tot  <  tt 


=  54.8  deg/sec  at  rudder  null  (0°  displacement) 


max 
Load  Torque: 

4,860  cos  (cot)  0  <  cot  <  ir/E 
The  stall  consumption  may  bt  Iculated  by 

4,860 


W  =  Stall  Consumption  -  _ 
a  5,400 


(0.012)  =  0.0108  lbs/sec 


where 


0.012  i6  the  eteady-6tale  stall  consumption  at  5,400  in-lbs  load  torque 

54.8 

W  =  ze  ro  load  consumption  -  — ■  (0.051)  =  0.0465  lbs/sec 


60 


where 


54.8  =  zero  load  rudder  velocity  at  0.435  cps  -  deg/sec 

60  =  zero  load  rudder  velocity  at  steady-state  conditions  - 

deg / sec 

0.051  =  zero  load  steady-state  fuel  consumption  -  lbs/sec 
The  power  transmission  consumption  values  are  found  by: 

W  =  [sFc]  •  [hp]  lbs/sec 

where 

SFC  =  specific  fuel  consumption  -  Ibs/HP-sec 


1 


RT  (SFC)j 


»  - 
RT  (SFC). 


(0.0148)(3,600)  53.3 

[rT(SFC)J=  normalized  specific  fuel  consumption  (from  Figure  60)  at 
a  percenc  of  zero  load  speed. 


•  1 


£7'  n 


it;  f  i 


;  v 


The  value 


0.0148 


(gaa  being  analyzed)  HP- HR/lbn-in 


23.8  x  10 


is  a  correction  factor  to  convert  dimensionless  RT(SFC)  of  Figure  60 
to  specific  fuel  consumption  -  lbs/HP-HR 


3,600 


=  correction  factor  to  convert  hours  to  seconds. 


For  0  <  ut  <  tt/2  (Figure  61) 


Solve  for: 


W  =  [SFC]  •  [hp]  lbs/sec  0  <  ut  <  tt/2 
Select  a  rudder  velocity  of  21  deg/sec: 


percent  of  zero  load  speed  =  =  38.5  percent 

54  .o 


at  38.5  percent  zero  load  speed; 


RT  (SFC)  =  7.1  (reference  Figure  60) 


Load  HP  = 


VNi 


63,000 


where 


=  4,860  cos  (ut)  lb-in 


_  deg /flee  RpM 
1  6 


wt  =  tt/8  at  6'  -  21  deg/sec 


using; 


01  =  54.8  sin  (ut) 


(4,860  cos  22.5°)(-7-) 

Load  HP  =  - — ™ -  =  0-25 

63,000 


*  ,  4 


4 


b.  -  \  * 
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Figure  61  -  Cyclic  Fuel  Consumption-Cyclic  Frequency  0.435  cps 
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Figure  61  -  Cyclic  Fuel  Consumption-Cyclic  Frequency  0.435  cps 
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therefore: 


W 


*  [SFC]  [hp] 

[flT  (S  FC )] 
53.3 


HP 


7.1 


53.3 


0.25 


0.0333  Ibs/sec. 


f 


For  tt/2  <  o>t  <  tt  (Figure  61) 

The  fuel  consumption  was  computed  assuming: 

(1)  An  overrunning  torque  is  acting  on  the  rudder. 

(2)  During  this  quarter  cycle  the  motor  requires  dis¬ 
placement  consumption  only. 

Fuel  Consumption  =  W  x  sin  (wt) 

b 

whe  re 

WT  =  0.0465  Ibs/sec 
b 

wt  =  angular  displacement  oi  the  forcing  frequency. 

The  results  of  this  analysis  for  each  of  the  motors  considered  are  shown 
in  Figure  61  for  a  cyclic  frequency  of  0.435  cps.  Figure  62  presents 
the  instantaneous  cyclic  fuel  consumption  for  a  cyclic  frequency  of 
0.871  cps  and  Figure  63  for  a  cyclic  frequency  of  2.18  cps. 

The  average  value  for  the  half  cycle  shown  was  determined 
as  follows:  Assuming  cyclic  conditions  at  a  frequency  of  0.435  cps  the 
average  flow  rate  is  given  by 


W 

average 


2 


wt  =  tt/2 


I 

wt  =  0 


I' 


0.707 

J 

(104) 


where 


Wj  =  average  fuel  consumption  for  interval  of  time  t^  taken 
from  Figure  61 


FUEL  CONSUMPTION  LBSACC  X  1C3 


w 

T 


TT 

3 


5  n 
~ 


2  3 

ut  RADIANS 

ANGULAR  DISPLACEMENT 
(FORCING  FREQUENCY) 

Figure  62  -  Cyclic  Fuel  Consumption-Cycle  Frequency  0.871  cps 
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n 


t  *  total  time  for  1/4  cycle  at  0.435  cp*  =  0.575  sec 


I 

1 

0.707  =  average  value  of  an  area  under  a  sinusoidal  curve  of  the 
form  -  W  sin  (o>t) 

W  -  zero  load  consumption  =  0.047  lbs/sec 
b 

A  solution  of  equation  (104)  gives 
Wavg  =  \  [°*464]  +  0.0327^  =  0.055  lbs/s*c. 

where 

t  =  0.0958  seconds 

The  gear  and  vane  motor  consumption  rates  were  averaged 
in  the  same  manner  for  a  frequency  of  0.435  cps  and  are: 

Gear  motor  -  W  =  0.0234  lbs/sec 

avg 

Vane  motor  -  W  =  0.0129  Ibs/sec 

avg 


For  a  cyclic  frequency  of  0.871  cps 


DYNAVECTOR  actuator  -  W 

=  0.0124  lbs/sec 

avg 

Gear  motor  -  W 

=  0.0058  Ibs/sec 

avg 

Vane  motor  -  W 

=  0.0034  lbs/sec 

avg 

For  a  cyclic  frequency  of  2.18  cps  the  average  consumption 

rate  is: 

DYNAVECTOR  actuator  -  W  =  0  +  0.707  (0.00935)  =  0.0066  lbs/eec 

avg 

Gear  motor  -  W  =  0  +  0^707  (0.0046)  s  0.0033  lbs/sec 

avg 

Vane  motor  -  W  =  0  +  0.707  (0.0024)  =  0.0017  Ibs/sec 

avg 

Figure  64  graphically  summarizes  thr  duty  cycle  cyclic 
fuel  consumption  rates  for  each  of  the  three  actuation  systems  analyzed. 
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Figure  64  -  Duty  Cycle  Cyclic  Fuel  Consumption 


The  average  fuel  conpumption  for  the  entire  4  hour  mission 
may  be  found  by  summing  Figures  59  and  64  and  are  as  follows: 

DYNA VECTOR  actuator  -  W  =  0.024  Ibs/sec 

avg 

Gear  motor  -  W  =  0.011  Ibs/sec 

avg 

Vane  motor  -  W  =  0.006  lbs/sec 

avg 

6.  FAILURE  MODE  AND  RELIABILITY  ANALYSES 

A.  Pneumo- Mechanical  Rudder  Servomechanism  Degraded 

Performance 

The  reliability  block  diagram  of  Figure  65  indicates  that  all 
major  components  of  the  pneumatic  DYNAVECTOR  rudder  actuator 
assembly  are  considered  to  be  in  series;  therefore,  each  component 
must  function  properly  to  attain  proper  rudder  control  in  the  pneumatic 
mode.  A  discus j ion  of  the  degraded  mode  performance  of  the  pneu¬ 
matic  system  if.  presented  below  to  define  the  extent  and  manner  of 
component  failures  which  may  be  tolerated  during  flight  tests  until  re¬ 
turn  to  hydraulic  system  becomes  mandatory.  It  should  be  noted  that 
several  of  the  series  components  shown  in  Figure  65  perform  check¬ 
out  or. monitoring  functions  only.  These  components  would  be  omitted 
in  a  final  flight  qualified  primary  system  where  parallel  installation 
with  a  hydraulic  system  was  not  a  requirement.  The  list  of  these 
components  includes: 

•  Two-position  hydraulic  solenoid  valve 

•  Detent  control  cylinder 

•  Input  linkage  microswitch 

•  Pneumatic  supply  solenoid  valve 

•  Clutch  supply  solenoid  valve 

•  Actuator  -  rudder  interlock  valve 

•  Pneumatic  clutch 

•  Torsional  shear  section 
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(1)  Two-Position  Hydraulic  Solenoid  Valve 


Failure  of  the  solenoid  to  displace  the  spring  positioned 
spool  would  prevent  hydraulic  system  shutdown  and  subsequent  pneu¬ 
matic  system  operation. 

(Z)  Detent  Control  Cylinder 

Failure  of  the  cylinder  to  actuate  against  the  detent  lever 
spring  in  response  to  actuation  of  the  two  position  hydraulic  solenoid 
valve  would  produce  a  condition  equivalent  to  utility  hydraulic  system 
failure.  The  integrated  hydraulic  power  cylinder  would  act  as  a  solid 
link  between  the  pilot  input  linkage  and  the  rudder,  thus  allowing  the 
rudder  to  be  moved  directly  by  pilot  effort. 

(3)  Input  Linkage  Switch 

Failure  of  the  input  linkage  switch  to  actuate  upon  proper 
phasing  of  the  pneumatic  and  hydraulic  linkage  command  positions 
would  be  equivalent  to  an  error  in  the  pneumatic  system  command 
position  and  switch  over  from  hydraulics  to  pneumatics  could  not  occur 

(4)  Load  Limit  Mechanism 

Failure  of  the  load  limit  mechanism  may  occur  so  as  to 
cause  the  mechanism  linkage  to  act  either  as  an  open  link  or  a  rigid 
link.  If  the  spring  or  structural  linkage  members  should  fracture,  the 
mechanism  would  function  as  an  open  link  and  net  transmit  pilot  com¬ 
mands  to  the  pneumatic  system  manual  valve.  Upon  such  a  failure, 
the  input  linkage  microswitch  would  be  forced  out  of  detent  since  the 
pneumatic  and  hydraulic  commands  would  no  longer  be  properly  phased 
and  reversion  to  hydraulic  mode  would  occur. 

In  the  event  the  load  limit  mechanism  fails  as  a  locked-up 
member,  the  linkage  shear  section  would  shear  under  linkage  input 
force  exerted  by  the  rudder  pedal  control  system  and  the  displacement 
of  the  hydraulic  linkage  system  would,  therefore,  not  be  mechanically 
limited  to  the  manual  valve  and  linkage  stroke  freedom  which  is  equiva 
lent  to  approximately  ±9  degrees  of  rudder  motion. 

(5)  Pneumatic  Supply  Solenoid  Valve 

Failure  of  the  pneumatic  supply  solenoid  valve  in  the 
normal  off  spring  loaded  position  would  prevent  the  pilot  from  engaging 
the  pneumatic  system  or  from  disengaging  the  hydraulic  system. 
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(6)  Manual  Servovalve 


Failure  of  the  manual  servovalve  to  stroke  would  cause 
the  load  limit  linkage  microswitch  to  lose  detent  position  thereby  de¬ 
energizing  the  pneumatic  supply  solenoid  valve  and  the  two-position 
hydraulic  solenoid  valve,  which  would  return  rudder  control  immedi* 
ately  to  hydraulics. 

(7)  Power  Actuator 

In  the  event  the  power  actuator  fails,  either  in  a  locked-up 
mode  or  free  running,  reversion  to  hydraulic  system  rudder  control 
maybe  accomplished  as  defined  in  (6)  "Manual  Servovalve"  above. 

(8)  Clutch  Supply  Solenoid  Valve 

The  clutch  supply  valve  is  a  two-position  normally  dis¬ 
engaged  valve.  In  the  spring  position,  pneumatic  static  pressure  is 
always  ported  to  the  clutch  piston  so  as  to  maintain  the  clutch  in  a 
disengaged  position.  In  the  event  the  valve  fails  in  this  position,  en¬ 
gagement  of  the  clutch  to  the  rudder  is  prevented. 

If  the  valve  fails  in  the  energized  position,  the  clutch  would 
remain  engaged  to  the  rudder.  If  a  double  failure  condition  occurs 
whereby  the  power  actuator  system  is  inoperable,  reversion  to  hydrau- 
V  control  would  occur.  Disengagement  of  the  pneumatic  system  from 
the  rudder  would  be  produced  by  torquing  the  shear  section  of  the  clutch 
output  with  the  hydraulic  actuator  in  the  normal  operative  mode. 

; 

(9)  Actuator  -  Rudder  Interlock  Valve 

The  actuator -rudder  interlock  valve  is  a  sliding  surface 
valve  port  that  assures  proper  alignment  of  the  pneumatic  actuator 
output  to  the  rudder  position.  A  failure  condition  of  this  valve,  whereby 
pneumatic  flow  is  restricted  from  the  clutch,  would  prevent  clutch  en¬ 
gagement  *-o  the  rudder  thereby  assuring  proper  hydraulic  control. 

(10)  Pneumatic  Clutch 

Failure  of  the  clutch  in  the  disengaged  position  will  elimi¬ 
nate  the  option  of  pneumatic  rudder  control  but  will  not  affect  normal 
hydraulic  control. 
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A.  failure  in  the  engaged  position  will  require  a  shearing 
of  the  clutch  output  shaft  shear  section  when  hydraulic  control  over¬ 
ride  occurs. 

(11)  Stability  Augmentation  System 

The  components  of  the  stability  augmentation  system  are 
shown  in  series  in  Figure  65.  Both  the  stability  augmentation  solenoid 
valve  and  yaw  rate  sensor  and  signal  processor  are  external  to  the 
pneumo-mechanical  rudder  servomechanism.  In  the  event  any  of  the 
stability  augmentation  components  become  inoperative,  stability  aug¬ 
mentation  operation  is  non- functional  but  manual  power  operation 
remains  operative.  The  normal  position  of  the  actuator-manual  valve 
latch  is  in  manual  power  mode.  Upon  latch  pneumatic  pressurization, 
the  latch  becomes  locked  into  stability  augmentation/auto  pilot  mode. 
Therefore,  the  predominate  failure  mode  is  in  the  manual  power  mode 
condition.  In  the  event  failure  occurs  with  the  latch  in  the  stability 
augmentation  condition,  and  only  manual  power  mode  is  desired,  the 
stability  augmentation  may  be  shut  down  and  normal  manual  power 
mode  operation  will  still  be  feasible  since  the  latch  locks  the  manual 
valve  body  to  the  power  actuator  output  shaft  by  an  intermediate  mem¬ 
ber,  the  automatic  actuator  output  pawl. 

B.  Mathematical  Model  and  Reliability  Analyses 

(1)  The  four  hour  flight  mission  duty  cycle  defined  in  Section  II, 
paragraph  2  of  this  report,  has  been  utilized  in  this  failure  mode  and 
reliability  analysis.  Based  on  this  duty  cycle,  an  estimation  has  been 
made  of  the  percentage  of  time  each  of  the  four  actuator  operative 
modes  occurs  during  a  four  hour  flight  time.  This  estimated  percent¬ 
age  distribution  is  as  follows: 

Mode 

Manual  Power  Mode 

Manual  power  mode  with  stability 

augmentation  in  monitor 

Manual  power  mode  with  stability 

augmentation  operative 

Autopilot  operation 


Mission  Time 
55  Percent 

15  Percent 

) 5  Percent 
15  Percent 


- - - 


Table  XI  -  Mathematical  Model  of  D1NAVECT0R 
Rudder  Actuator  Components 


(m)  Actuntor-RudHcr  Interlock  V«'ive 


The  DYNAVECTOR  Rudder  Actuator  Assembly  Block 
Diagram  of  Figure  65  and  Mathematical  Model  of  Table  XI  are  based 
upon  mission  success. 

The  basic  approach  to  the  analysis  of  the  DYNAVECTOR 
Servomechanism  is  made  from  the  part  failure  point  of  view.  The  pro¬ 
cedure  presented  herein  is  limited  to  components  which  are  essentially 
assemblies  capable  of  subdivision  into  parts  for  analytical  purposes. 

The  Reliability  Block  Diagram  is  a  representation  of  the 

functional  relationship  of  the  part  to  the  overall  DYNAVECTOR  Actuator 

assembly.  Failure  mode  worksheets,  presented  in  Appendix  C,  define 

the  components  of  each  major  subassembly  shown  in  Figure  65.  The 

pertinent  failure  modes  of  each  of  these  components  are  defined  on 
* 

these  worksheets  as  are  the  applicable  failure  rates  and  operational 
time  requirements. 

Table  XII  -  Preliminary  Reliability  Prediction  of 
DYNAVECTOR  Rudder  Actuator  Components 


3000  Hour  Design  Life 

EV. 

Failure  Rate 

PPMH 

t 

Operational 
Tims,  Hours 

ZU 

_  -EVt 

R  ■  s 

Reliability 

<•) 

Valve  Latch  Assembly 

12.6 

13  50 

0.017 

m 

(b) 

Pressure  Regulator 

20.0 

3000 

0.060 

0.94176 

(c) 

Power  Actuator 

23.0 

3000 

0.069 

0.93332 

(d) 

Automatic  Actuator 

15.5 

1350 

0.0209 

0.97931 

<«) 

Pneumatic  Clutch 

.... 

---- 

0.036 

0.96464 

(0 

Automatic  Servovalve 

20.0 

13  50 

0.027 

0  97336 

(g) 

Detent  Control  Assembly 

7.0 

5/6 

A-JH1 

0.999994 

(H) 

Linkage  Lever  and 

Manual  Assembly 

17.0 

3000 

0.051 

0.95027 

(J) 

Fluidic  Position 

Trensducer 

0.01 

13  50 

0.999986 

<k) 

Load  Limit  Mechanism 

6.70 

3000 

0.0201 

0.98010 

(1) 

Automatic  Servovalve 
Amplifier 

4.0 

1350 

■1 

0.99461 

(nr.) 

Actuator-Rudder 

Interlock  Valve 

6.0 

1500 

0.009 

Hi 

(n) 

Hydraulic,  Pneumatic 
and  Clutch  Supply 

Solenoid  Valves 

30.0 

5/6 

HI 

m 

(o) 

Latch  Solenoid  Valve 

10.0 

1/2 

■BOBU 

msssm 
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The  results  of  the  reliability  analysis  are  shown  in  Table  XII. 
The  tabulated  reliability  values  are  based  on  a  3000  hour  design  life 
requirement.  The  power  actuator  design  life  is  3000  hours  whereas 
the  automatic  actuator  and  associated  stability  augmertation/autopilot 
/  components  have  a  design  life  of  45  percent  of  the  mission  design  life 
or  1350  hours.  The  reliability  values  for  the  detent  control  cylinder 
assembly  and  all  solenoid  valves  are  based  on  the  actuation  time  re¬ 
quired  for  3000  switching  cycles.  From  Table  XII  it  can  be  seen  that 
the  major  gains  in  reliability  for  the  3000  hour  design  life  should  be 
directed  toward  the  linkage  Uver  and  manual  servovalve  assembly, 
the  pneumatic  clutch,  power  actuator  and.  pressure  regulator. 

The  estimated  reliability  for  the  complete  DYNAVECTOR 
Rudder  Actuator  Assembly  based  on  these  reliability  numbers  for  the 
duty  cycle  of  the  four  hour  flight  mission  is  0.9995. 
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SECTION  IV 


CONCLUSIONS 


The  feasibility  of  a  flightworthy  low  pressure  pneumo-mechanical 
servomechanism  capable  of  controlling  an  aircraft  control  surface  has 
been  established  by  this  design  study. 

The  design  and  performance  characteristics  of  the  current  DYNA- 
VECTOR  actuator  design  described  in  Section  III  of  this  report  repre¬ 
sents  the  present  status  of  the  DYNAVECTOR  actuator  development 
program.  These  performance  parameters  may  be  improved  with  the 
continued  technological  advancement  of  the  DYNAVECTOR  actuator 
concept.  DYNAVECTOR  actuator  performance  improvement  would  be 
expected  in  the  following  parameters: 

o  Torque  to  weight  ratio 

o  Torque  squared  to  inertia  ratio 

o  Specific  fuel  consumption 

o  Horsepower  to  weight  ratio 

o  Volume 

o  Reliability 

1 .  Summary  of  Qualified  DYNAVECTOR  Actuator  Performance 
Parameters 

Based  on  the  results  of  this  study  and  the  experience  the 
Bendix  Corporation  has  had  in  the  development  of  pneumatic  flight 
control  systems  in  general.. a  realistic  estimate  of  the  performance 
parameters  for  a  flight  qualified  DYNAVECTOR  rudder  actuator  sys¬ 
tem  may  be  made  at  this  time.  The  DYNAVECTOR  actuator  servo¬ 
mechanism  system  could  be  designed  to  duplicate  the  performance  of 
the  integrated  hydraulic  rudder  power  cylinder  assembly  which  consists 
of  three  major  subassemblies;  a  cylinder  assembly,  a  control  assembly, 
and  an  electrohydraulic  servovalve  assembly.  The  estimated  DYNA¬ 
VECTOR  actuator  performance  parameters  are  summarized  in 
Table  XIII. 
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Table  XIII  -  Flight  Qualified  DYNAVECTOR  Rudder 
Actuator  Performance  Parameters 


Installation 

Concentric  to  rudder  axis 
(reference  Figures  2-5) 

Weight 

14  pounds 

Volume 

(reference  Figure  6) 

Specific  Fuel  Consumption 
( rated  horsepower) 

0.02  lb/ sec-hp 

Stall  Torque 

10200  ±  500  in-lb 

Maximum  Velocity 

60  deg /sec 

Maximum  Acceleration 

150  deg/sec^ 

Supply  Pressure 

50  to  200  psig 

Gas  Temperature 

100*F  to  450*F 

Altitude 

Sea  level  to  50,000  feet 

Ambient  Temperature 

-65*F  to  270*F 

Life 

3000  hours 

Duty  Cycle 

Reference  DS-742 
(Section  4.3.3) 

4  Hour  Mission  Average 

Fuel  Consumption  at  450*F 

0.0043  lb/ sec 

Cyclic  Maximum  Fuel 
Consumption 

0.0080  lb/ sec 

Stall  Maximum  Fuel 

Consumption 

0.0088  lb/ sec 

Frequency  Response  and 

Phase  Shift 

(reference  Figure  12) 

Actuator  Rated  Horsepower 
Capability 

0.405  hp. 

Load  Spring  Rate 

270  Ib-in/deg 
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Flight  Qualified  DYNAVECTOR  Actuator  Fuel  Consumption 


The  fuel  consumption  trade-off  study  presented  in  Section  III 
of  this  report  has  been  based  on  actual  test  data  recorded  for  the 
types  of  motors  described.  It  should  be  noted  that  the  gear  and  vane 
motor  test  results  represent  the  best  fuel  consumption  test  results 
available  after  an  extensive  review  of  the  subject  motors.  The  DYNA¬ 
VECTOR  actuator  test  results  were  obtained  on  the  first  fluid  DYNA¬ 
VECTOR  actuator  assembly  ever  built  for  performance  evaluation. 
Prior  DYNAVECTOR  actuator  assemblies  were  plastic  shop  air  penu- 
matic  actuators  built  for  concept  demonstration  purposes.  The  DYNA¬ 
VECTOR  actuator  tested  at  400  psig  air  was  model  PL-015-U2  intended 


Table  XIV  -  Fuel  Consumption  Requirements  of  Current  Design  and 
Flight  Qualified  Design  DYNAVECTOR  Actuators 


Power  Supply:  50  psig  sir,  450*F 

Actuator  Design:  Displacement, Motor  4.57  inVrev 

Transmission  Ratio  370:1 

Torque  Capacity  10,200  tn-lb 

No-Load  Speed  60  deg/sec 

Current  DYNAVECTOR 

Flight  Qualified 

Lai iy  Lycis  r  ue i 

Actuator  Consumption 

DYNAVECTOR  Actuator 

Concumption  Requirements 

(lb/sec) 

Consumption  (lb/sec) 

(1)  Stall  Load  (in-lb) 

5400 

0.0091 

0.008C 

4860 

0.0082 

0.0079 

2430 

0.0041 

0.0040 

1620 

0.0027 

0.0026 

810 

0.0014 

0.0013 

(2)  Cyclic  Conditions 

0O  A  20*,  0.435  cps. 

0.0420 

0.0080 

Torque  0  to  a 4860 

0o  A  5*.  0.871  cps 

0.0095 

0.0027 

Torque  0  to  *810  in-lb 

0o  *  0.8*,  2.18  epa 

0.0050 

0.0015 

No-Load 

(3)  Four  Hour  Mission 

Average  Fuel 

0.0180 

0.0043 

Consumption  (lb/soc) 

for  use  &t  1000*F  gas  and  ambient  condition!.  The  actuator  ha»  been 
successfully  operated  at  these  elevated  temperature  conditions  but  has 
not  yet  been  completely  optimized  with  respect  to  fuel  consumption 
performance.  The  actuator  hardware  configuration  has  not  been  altered 
appreciably  during  the  test  program  except  for  minor  modifications  to 
the  porting  areas.  The  initial  optimization  techniques  employed  on  this 
model  have*  however*  resulted  in  a  20  to  60  percent  reduction  in  the 
fuel  consumption  requirements  for  this  model. 

Continued  technological  advancement  of  the  DYNAVECTOR 
actuator  concept  will  result  in  an  improvement  in  the  DYNAVECTOR 
actuator  torque-to-weight  and  weight-to-horsepower  ratios  and  fuel 
consumption  values.  The  optimized  DYNAVECTOR  actuator  design 
would  have  a  fuel  consumption  requirement  compatible  with  current 
state-of-the-art  vane  motor  requirements.  Table  XIV  summarizes 
the  current  DYNAVECTOR  actuator  fuel  consumption  requirements 
for  the  rudder  actuator  duty  cycle  as  compared  to  the  anticipated  fuel 
requirements  for  a  developed  and  flight  qualified  DYNAVECTOR  actuator. 
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1.0  DESCRIPTION 


28  February  1^66 


1.1  This  design  specification  covers  the  requirements  for  a  low-pressure 
high  response  pneumatic  rudder  control  actuator  consisting  of  a  rotary  power  boost 
actuator  and  corresponding  manually  operated  servovalve,  an  automatic  control  input 
servovalve,  and  a  linkage  summation  system  to  correlate  the  automatic  control 
actuator  output  to  the  desired  manual  command  position.  The  unit  shall  have  an 
equal  output  in  each  direction  with  the  capability  of  operation  in  three  different 
modes:  (l)  manual  operation  similar  to  that  of  a  conventional  hydraulic  power 
control  unit,  (2)  operation  equivalent  to  that  of  a  normal  autopilot  series  servo 
plur  power  cylinder,  and  (3)  power  off  operation  where  the  'init  shall  follow  the 
hydraulic  or  manual  control  system. 

1.2  A  series  servo  is  a  position  type  of  pneumatic  se*  'O  mecnanism  which 
adds  pneumatic  signals  from  a  yaw  sensor  to  those  provided  by  the  pilot  in  such 
a  manner  that  the  rudder  can  be  moved  independently  of  the  rudder  pedals.  The 
suassation  of  these  signals  causes  a  sunned  output  of  the  power  actuator. 

2.0  DESIGN  REQJIRQiENTS 

2.1  Material  and  Workaanship 


% 

2.1.1  Materials  and  workmanship  shall  be  as  stated  in  Specification 
KIL-P-856L,  MIL- P-5 5l8C,  and  XIL-E-5^00. 

2.1.2  Metals 

All  metals  used  in  construction  shall  be  corrosion  resistant 
and/or  suitably  protected  to  resist  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  shall  be  avoided 
whenever  practicable. 

2.1.3  Weight  of  Materials 


Materials  of  the  lightest  possible  weight,  consistent  with  the 
service  and  strength  requirements,  shall  be  used. 

2.1.4  Non-Standard  Material  Approval 


Approval  for  the  use  of  non-standard  parts  and  materials  shall 
be  in  accordance  with  Specification  MIL-P-856U. 


Kerska 
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2.1.5  Strength 


The  following  safety  factors  shall  be  applied  to  the  stress 
analysis  of  the  unit: 

(a)  Yield  Strength  ■  1.3  *  Design  Yield  Strength 

(b)  Ultlaate  Strength  •  1.5  x  Design  Ultimate  trength 

2.2  Dlnenalon 

The  unit  shall  confom  to  the  envelcoe  drawing  2161066  and  the  design 
data  noted  thereon. 

2.3  Installation 

The  pneuaatlc  rudder  control  actuator  shall  be  Installed  In  parallel 
to  the  present  hydraulic  rudder  control  systea  per  the  Installation  drawing 
2160373  *nd  shall  Incorporate  design  features  such  that  the  following  operational 
nodes  are  possible. 

(a)  Disengagement  of  the  pneuaatlc  control  actuator  package  when 
operation  in  the  hydraulic  node  is  commended. 

(b)  Disengagement  when  a  hard  over  signal  In  the  autoaatlc  node 
Is  experienced  by  the  pneumatic  servo  package. 

(c)  Ho  occurence  of  transients  when  switching  '■odes  of  operation, 

(e.g. ,  pneumatic  to  hydraulic  and  hydrauli  to  nneumatic)  and 
the  capability  of  the  passive  control  system  to  follow  the 
active  control  system. 

2.4  Weight 

The  pneumatic  control  actuator  shall  have  a  weight  goal  of  twenty  (PO) 

pounds. 

2.5  Instrumentation 

Instrumentation  shall  be  Incorporated  Into  the  actuator  design  to 


monitor  the  following  parameters! 
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(a)  Automatic  servovalve  Input  signal 

(b)  Manual  servovalve  position 

(c)  Manual  serva/alve  input  signal 

(d)  Servomotor  position  and  velocity 

(e)  Servoactuator  position  and  velocity 

2.6  Marking  of  Ports 

All  ports  shall  be  durably  and  legibly  marked  as  to  function.  Declamonias 
shall  not  be  used.  Single  letters,  such  as  "P"  for  pressure,  will  not  be  acceptable. 

3.0  OPERATIONAL  REQUIREMENTS 

3.1  Environmental  Operating  Conditions 

The  actuator  system  shell  be  designed  to  operate  under  the  fo? lowing 
ground  and/or  flight  conditions: 

(a)  Temperature  -  Gas  temperature  of  100°  to  *30°F 

Ambient  temperature  of  -65°  to  270°F. 

(b)  Supply  Pressure  -  Supply  pressure  shall  vary  from  50  to  200 
psig.  If  it  is  necessary  to  operate  at  a  fixed  pressure  level, 
consideration  shall  be  given  to  implementing  on  accumulator  and 
conventional  pressure  regulation  subsystem. 

(c)  Altitude  -  Sea  level  to  50,000  feet. 

(d)  night  Acceleration  I  Tads  -  The  unit  shall  be  structurally  able 
7  ithstand  without  failure  a  17.0  g  ultimate  acceleration  in 
av  direction  and  shall  operate  satisfactorily  without  malfunction 
under  a  12.0  g  acceleration  in  any  direction. 

3.2  Torque-Speed  Requirements 

The  pneumatic  control  actuator  shall  be  capable  of  operation  in  accordance 
with  the  curve  of  Figure  A  with  a  supply  pressure  of  50  pji. 
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3» 3  Output  Motion 

The  output  motion  of  the  control  actuator  shall  be  ccriuiatent  with  the 
following  requirements: 

(a)  Manual  Operation  Output  -  +  20  degrees  with  +  1  degree  accuracy. 
Angular  velocity  60  deg/sec. 

(b)  Automatic  Operation  -  ±  5  degrees  with  ±  0.25  degree  positional 
accuracy.  Angular  velocity  of  60  deg/sec. 

(c)  Maximum  surface  deflection  velocity  shall  be  60  deg/aec  for 
both  manual  and  automatic  operation. 

(d)  Maximum  surface  deflection  acceleration  ahaxl  be  i50  deg/sec2 
for  both  manual  and  automatic  operation. 

3.4  Output  Torque 

The  control  actuator  shall  deliver  a  rotary  output  stall  torque  of 
10200  ±  500  in-lb. 

3.5  Chatter  and  Instability 

The  unit  shall  operate  smoothly  without  sustained  chatter  or  instability 
under  all  operating  conditions. 


'Tie  unit,  under  a  linear  spring  load  as  shown  in  Figure  B,  shall 
operate  within  the  limits  specified  in  Figure'  C.  Loaui  Inert ia  is  neg-l’libls. 

3.7  Duty  Cycle 

The  unit  shall  be  capable  of  withstanding  a  duty  cycle  of  3000  hours, 
(reference  Section  4.3.3) 

4.0  QUALIFICATION  REQUIREMENTS 

4.1  Data  Required 

The  following  data  shall  be  supplied  as  part  of  the  qualification  test: 
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(a)  qualification  Test  Procedure  -  Five  (5)  copies  of  the  proposed 
Qualification  Test  Procedure  shall  be  submitted  to  the  Contracting 
Agency  prior  to  tee ting. 

(b)  Bearing  Failure  -  A  history  of  bearLig  failure  and  aalfunctions 
during  qualification  testing  shall  be  provided. 

(c)  Stress  Report  -  Two  (2)  copies  of  a  complete  stress  analysis  of  the 
unit  shall  be  provided. 

(d)  Effects  of  Flight  Inertia  Loads  -  Two  (2)  copies  of  an  analysis 

of  the  unit  considering  the  effects  of  MgH  loading  as  specified  in 
Paragraph  3*1  (d )  shall  be  submitted . 

(s)  Clearance  Analysis  -  An  analysis  of  clearances,  certifying  that 

binding  vlll  not  occur  at  extreme  temperatures  vlth  vorst  tolerance 
build -up  shall  be  supplied. 

(f)  Flos#  Data  -  The  unit  flow  shall  be' recorded  for  all  qualification 
tests  and  such  record  shall  be  recorded  In  the  Test  Log. 

(g)  Test  Log  -  An  accurate  record  of  the  qualification  teste  conducted  per 
the  Qualification  Test  Procedure  of  Paragraph  A.l  (a)  shall  be  kept 

In  a  log  book. 

A.?  Test  Conditions 

A  .2.1  Environment 

The  qualification  tests  shall  be  sccoegjllshed  vlth  the  unit  subjected 
to  the  environmental  conditions  specified  In  Paragraph  3*1  (a)  and  (b)  as  defined  belov. 
1.2  2  Valve  Operation 


Opera' ion  of  the  control  valve  shall  be  accomplished  cmnually  in  all 
of  the  tests  unless  specifically  acted  otherwise. 

A. 3  Qualification  Tests 

A. 31  Flo*# 

The  unit  flow  shall  not  exceed  0.02A  lbs /sec  while  opera'  mg  with  a 
gas  supply  te^erature  in  the  range  T0°F  to  A50V 
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4.3.2  Reversion  to  Hydraulic  Mode 

The  unit  shal  1  be  checked  for  satisfactory  reversion  -to  hydraulic 
operation  upon  command  or  loss  of  pneumatic  supply  pressure  per  Paragraph  2.3  (a). 

4.3.3  Life  Cycle  Endurance  Tests 

4. 3. 3*1  Room  Temperature  Teat  -  The  actuator  shall  be 
subjected  to  the  following  load-speed  conditions  with  a 
room  temperature  air  supply  pressure  of  50  . 


Mode 

Amplitude 

(degrees) 

Frequency 

(cps) 

Number  of  Cycles 

Linear  Load  Variation 
(lb-in) 

Manual 

?0 

0.435 

125,000 

No  Load 

20 

0.435 

2,500 

0-4860 

10 

0.615 

7,500 

0-2430 

10 

0.615 

7,500 

0-1620 

5 

0.871 

25,000 

0-810 

Automatic 

5 

0.871 

75,000 

No  Load 

2 

1.37 

175,000 

No  Load 

0.8 

2.18 

500,000 

No  Load 

5 

0.871 

2,500 

4100  -  6700 

2 

1.372 

2,500 

4900  -  5900 

4.3.3.?  Rapid  Warm-Up  - 

With  the  actuator  at 

a  cold  soaX 

temperature  of  -65°F,  an 

air  supply  at  UjCrF  and  50  paig  1 

shall  be  provided  to  the  actuator.  The  load-speed 
conditions  defined  in  4. 3. 3.1  shall  be  repeated  to  simulate 
an  actuator  cold  start  and  hot  test  run.  Ambient  temperature 
shall  be  270°F  during  hot  test. 

4. 3. 3* 3  Room  Temperature  and  Warm-Up  Recycle  -  Following 
test  4.3.3.?  repeat  test  4. 3. 3. I  once,  followed  by  test 
4.3.3*?  to  be  repeated  once. 
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4.3.4  Frequency  Response 

The  actuator  shall  be  checked  for  frequency  response  when 
subjected  to  the  spring  rate  load  characteristic  as  defined  in  Figure  B.  Tests 
shall  be  ccnducte  ’  with  50  psig  air  supply  at  both  room  temperature  and  at  4jO°F. 

4  Shatter  and  Instability 

The  unit  shall  operate  smoothly  without  chatter  or  instability 
under  all  conditions  during  the  qualification  tests  specified. 

4.3.6  Humidity 

The  unit  shall  be  subjected  to  th«  Humidity  Tests  of 
MIL-E-5272,  Procedure  I. 

4.3.7  Vlbratloa 

The  unit  shal?  be  vibrated  in  accordance  with  MIL-E-5272, 

Procedure  I. 

5.0  APPLICABLE  DOCUMENTS  AND  DRAWINGS 
5.1  Applicable  Documents 

The  following  documents  of  the  issue  in  effect  on  date  of  contract  form 
a  part  of  this  specification  to  the  extent  specified  herein: 

MIL -P-8 564  Pneumatic  System  Components,  Aeronautical  General 

Specification  for 

MIL-P-5518C  Pneumatic  Systems,  Aircraft}  Design,  Installation,  and 
Data  Requirements  for 

MIL-E-5400  Electronic  Equipment  -  Airborne  General  Specification  for 

MIL-E- 5272C  Environmental  Testing,  Aeronautical  and  Associated 
Equipment,  General  Specification  for 
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MIL-3-UoUOC  Solenoid,  Electrical,  General  Specification  for 

MIL -A- 0629  Airplane  Strength  and  Rigidity 
(AER) 

Mni-P>551^B  Packings,  Installation  and  Gland  Design  of  Aircraft 
Hydraulic  and  Pneumatic 

5.2  Applicable  Drawings 

The  following  drawings,  incorporating  the  revisions  noted,  shall  form 
a  part  of  this  specification  to  the  extent  specified  herein: 

BRLD  2160873  Layout,  FlOlBAirplane  Rudder  Control  8ystem, 

Rawer  Cylinder  Linkage 

BRLD  2161066  F101B  Rudder  Dynavector  Actuator 
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1.0  OEHERAL 

This  specification  defines  the  available  pneumtic  power  supply  for  the 
Pneumo-Mechanical  Servonechanlsm  applicable  to  F101B  aircraft  rudder  control. 
The  power  Is  derived  from  bleed  air  of  the  compressor  section  of  the  Pratt  and 
Whitney  JT3  turbojet  engines  which  Is  also  the  power  supply  for  the  cockpit 
pressurization  and  air-conditioning  system.  This  specification  Is  to  serve  as 
Information  for  the  preliminary  design  of  the  pneumatic  rudder  control  actuator. 


2.0  POWER  SUPPLY  CHARACTERISTICS 
2.1  Supply  Pressure 


The  pneumtic  rudder  control  actuator  shall  be  capable  of  performnce 
as  specified  in  DS-Tte  with  a  supply  pressure  variation  of  50  to  200  palg. 
Baaed  on  the  engine  compressor  discharge  characteristics  In  Figures  A  and  C 
the  availability  of  this  supply  pressure  Is  limited  to  normal  engine 
operation  to  an  altitude  of  approximately  1*0,000  feet  at  flight  speeds  greater 
than  Much  1.0  and  for  throttled  down  or  idling  engine  operation  to  10,000  feet. 
The  pneumatic  control  actuator  can  operate  with  supply  pressures  less  than  50 
pslgj  however,  degraded  performance  can  be  expected. 


The  temperature  of  the  supply  gas  may  vary  from  100°F  to  k50°F  as 
Indicated  In  the  flight  envelope  suamary  presented  In  Figure  C .  The  apparent 
discrepancy  between  the  data  presented  In  Figure  C  and  Figure  B  Is  due  to 
different  locations  In  the  engine  bleed  air  duct.  The  curves  of  Figure  B  Are 
Included  to  allow  extrapolation  for  aircraft  operating  conditions  not  presented 
in  the  flight  envelope  sunnary  of  Figure  C. 


The  maximum  available  supply  flow  Is  obtained  from  the  table  in  Figure 
C.  This  varies  from  a  minimum  of  0.5  lb/sec  for  the  aircraft  In  the  descent  mode 
at  an  altitude  of  30,000  feet  to  3*5  lh/sec  for  sea  level  take-off.  The  primary 

function  of  the  engine  bleed  air  is  to  provide  flow  for  cockpit  pressurization  and 
alr-conditloning  system;  therefore,  actuator  flow  requirements  Bust  be  kept  to 
a  minimum.  _ 
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YITLE 

Pn emetic  Rudder  Control  Actuator  Available  Power  Supply 

DATE 

Iterch  15,  1966 

Bleed  Air 

Flight  Condition 

Alt. 

(ft) 

Mach 

Ho. 

(pale) 

f8 

(pa la) 

t 

(°F) 

V 

(lb/eec) 

Take-off 

0 

0 

108.3 

123 

<  100 

3.5 

Oliab 

10,000 

0.50 

86.09 

97 

<  100 

3.1 

Clirf> 

15,000 

0.50 

62.71 

91 

<  100 

2.4 

Cllab 

30,000 

0.71 

61.63 

66 

1»»5 

1.8 

Level 

40,000 

1.05 

52.28 

55 

595 

1.2 

38,000 

1.03 

56.12 

59 

530 

1.2 

Level 

->,600 

0.87 

41.24 

44 

406 

0.9 

Descent 

30,000 

0.86 

21.63 

26 

490 

0.5 

Dement 

16,200 

0.62 

52.11 

60 

<  100 

1.2 

lauding 

Approach 

1,000 

<0.40 

37.81 

52  | 

4  100 

0.8 
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1.0  DESCRIPT'  « 

This  design  k  *»clflcatlon  cover*  the  requirement*  for  a  fllghtvorthy  low- 
pressure  high  rei  ^unae  pneumatic  rudder  control  actuator  having  an  equal  output 
In  each  direction  and  vlth  the  capability  of  operation  In  four  different  mode*. 

(a)  .  Manual  operation  similar  to  that  of  a  conventional  Integrated 

hydraulic  power  cylinder. 

(b)  .  Operation  equivalent  to  that  of  a  normal  autopilot  eerie*  aervo 

plua  power  cylinder. 

(o) .  Manual  operation  with  stability  augmentation  In  monitor. 

(d)  .  Manual  operation  with  stability  augmentation  operative. 

The  pneumatic  actuator  In  conf  -nance  to  the  specification  requirements  consists 
oft 

(a) .  Load  *  1*1 1  mechanism 

(b) .  Manual  valve  lever 
(o).  Power  actuator 

(d)  .  Single  point  engagement  pneumatic  clutch 

(e) .  Rudder  horn  adapter 

(f) .  Actuator -rudder  Interlock  valvj 

(g) .  Actuator -manual  valve  latch 

(h) .  Automatic  valve 

(l).  Automatic  valve  amplifier 

(j)  .  Automatic  actuator 

(k) .  Fluldlo  position  transducer 

(l) .  Clutch,  power  supply,  and  latch  switches 

(m) .  Miscellaneous  monitoring  Instrumentation 

The  design  and  performance  characteristics  of  the  above  actuator  are  susasarlzed 
In  Table  I. 
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TABLE  I 

DYNAVECTOR  Model 
Stall  Torque 
No-Load  Speed 
Maxlnuo  Horsepower 
Weight 
Design  Life 

Maximum  Fuel  Consumption  9  k^O°T 
Supply  Pressure 
Gas  Temperature 
Manual  Input 

Automatic  Input 

Automatic  Output 

(Relative  to  Manual  Position) 

Power  Actuator  Response  to 

Manual  Inputs  (-3  db  point) 

Power  Actuator  Response  to 

Stability  Augmentation  (-3  db  point)  6.2  cps 
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PH-370-B1 
10,200  in -lbs 
60  deg/sec 
0.405  bp 
14  lbs 
3,000  hours 
0.015  lbs/sec 
50  pslg 
100°F  to  450°F 

t  1.65  In.  (*  85  deg  j 

rudder  motion)  > 

t  2  paid  ft  15  pslg 

-  5  deg 

25  cps 


mm 
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2.0  DESIGN  REQUIREMENTS 


2.1  Material  and  Workmans  hi 


2.1.1  Materials  and  workmanship  shall  be  as  stated  In  Specification 
MIL-T-8564C,  MIL-P-5518C,  and  MIL-E-5400. 


2.1.2  Metals 


All  metals  used  In  construction  shall  be  corrosion  resistant 
and/or  suitably  protected  to  resist  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  shall  be  avoided 
whenever  practicable. 


2.1.3  Weight  of  Materials 


Materials  of  the  lightest  possible  weight,  consistent  with  the 
service  and  strength  requirements,  shall  be  used. 

2.1.4  Non-Standard  Material  Approval 


Approval  for  the  use  of  non-standard  parts  and  materials  shall 
be  In  accordance  with  Specification  MIL-T-8564C. 


2.1.5  Strength 


The  following  safety  factors  shall  be  applied  to  the  stress 
analysis  of  the  units 

(a)  Yiold  Strength  -  1.3  x  Design  Yield  Strength 

(b)  Ultimate  Strength  -  1.5  x  Design  Ultimate  Strength 


2.2  Dimension 


The  unit  shall  conform  to  the  envelope  drawing  2162309  and  the  design 
data  noted  thereon. 


2.3  Installation 


The  pneumatic  rudder  control  actuator  shall  be  Installed  in  parallel 
to  the  present  hydraulic  rudder  control  system  per  the  installation  drawing 
2161693  and  shall  Incorporate  design  features  such  that  the  following  operational 
aodes  are  possible. 
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(a)  Disengagement  of  the  pneumatic  control  actuator  package  vhen 
operation  in  the  hydraulic  mode  is  conmanded. 

(b)  Disengagement  when  a  hard  over  signal  in  the  automatic  mode 
is  experienced  by  the  pneumatic  servo  package. 

(c)  No  occurrence  of  transients  when  switching  modes  of  operation, 
(e.g.,  pneumatic  to  hydraulic  and  hydraulic  to  pneumatic)  and 
the  capability  of  the  passive  control  system  to  follow  the 
active  control  Bystem. 

2.4  Weight 

The  pneumatic  control  actuator  weight  shall  not  exceed  fourteen  (l4) 
pounds.  The  control  actuator. consists  of  the  power  actuator,  automatic 
actuator,  manual  and  automatic  servovalves,  the  fluidic  transducer  and  flueric 
eervoamplif iers  and  the  input  linkage  lever. 

2 . 5  Instr-  — entation 

Instrumentation  shall  be  incorporated  into  the  actuator  design  to 
monitor  the  following  parameters: 

(a)  Power  actuator  position  relative  to  ground. 

(b)  Automatic  actuator  position  relative  to  power  actuator. 

(c)  Manual  valve  body  relative  to  power  actuator  output. 

(d)  Input  linkage  lever  relative  to  power  actuator  output. 

(e)  Automatic  valve  spool  position  relative  to  automatic 
valve  body. 

(f)  Clutch  engagement  and  disengagement  positions. 

2 .6  Marking  of  Ports 

All  ports  shall  be  durably  and  legibly  marked  as  to  function. 
Decalcomanlas  5 hall  not  be  used.  Single  letters,  such  as  "P"  for  pressure, 
will  not  be  acceptable. 
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3-0  OPERATIONAL  RETIREMENTS 

3.1  Environmental  Operating  Conditions 

The  actuator  system  shall  be  designed  to  operate  under  the  following 
ground  and/or  flight  conditions: 

(a)  Temperature  -  Gas  Temperature  of  100°  to  U50°F 

Ambient  temperature  of  -65°  to  270°F. 

(b)  Supply  Pressure  -  Supply  pressure  shall  vary  from  50  to  200 
psig.  If  it  is  necessary  to  operate  at  a  fixed  pressure  level, 
consideration  shall  be  give*;  to  implementing  an  accumulator  and 
conventional  pressure  regulation  subsystem. 

(c)  Altitude  -  Sea  level  to  50,000  feet. 

(d)  Flight  Acceleration  Loads  -  The  unit  shall  be  structurally  able 
to  withstand  without  failure  a  17.0  g  ultimate  acceleration  in 
any  direction  and  shall  operate  satisfactorily  without  malfunction 
under  a  12.0  g  acceleration  in  any  direction. 

3.2  Torque -Speed  Requirements 

The  pneumatic  control  actuator  shall  be  capable  of  operation  in 
accordance  with  the  curve  of  Figure  A  with  a  supply  pressure  of  50  psig. 

3.3  Output  Motion 

The  output  motion  of  the  control  actuator  shall  be  consistent  with 
the  following  requirements: 

(a)  Manual  Operation  Output  -  *  20  degrees  with  *  1  degree  accuracy. 
Angular  velocity  60  deg/sec. 

(b)  Automatic  Operation  -  *  5  degrees  with  *  0.25  degree  positional 
accuracy.  Angular  velocity  of  60  deg/sec. 

(c)  Maximum  surface  deflection  velocity  shall  be  60  deg/sec  for 
bo.h  manual  and  automatic  operation. 
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(d)  Maximum  surface  deflection  acceleration  shall  be  150  deg/sec 
for  both  manual  and  automatic  operation. 


The  control  actuator  shall  deliver  a  rotary  output  stall  torque  of 
10,200  t  500  in-lbs . 


3.5  Chatter  and  Instability 


The  unit  shall  operate  smoothly  without  sustained  chatter  or 
Instability  under  all  operating  conditions. 


The  unit,  under  a  linear  spring  load  as  shown  in  Figure  B,  shall 
operate  within  the  limits  specified  in  Figure  C.  Load  Inertia  is  negligible. 


The  unit  shall  have  a  design  life  of  3,000  hours.  A  typical  four- 
hour  flight  envelope  which  the  unit  must  be  capable  of  withstanding  is  shown 
in  Tables  II  and  III . 


Table  II  -  Stall  Torque  During  Four-Hour  Flight 


Stall  Torque 
(in-lbs) 

$  Load 

Amplitude 

(degrees) 

Duration 
(minutes ) 

5,400 

100 

20 

4 

4,860 

90 

20 

4 

2,430 

90 

10 

10 

1,620 

60 

10 

10 

810 

60 

5 

30 

Total  Time 

58  minutes 
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Table  III  -  Oscillatory  Conditions  Daring  Four-Hour  Flight 


Mode 

Amplitude 

Frequency 

Torque  Variation 

Time 

(*  degrees) 

(cps) 

(lb-in) 

(minutes ) 

Automatic 

5 

0.871 

0  to  810 

35 

Automatic 

0.8 

2.18 

0 

63 

Total  Time  in  Automatic  Mode 

98  minutes 

Manual 

20 

0.435 

0  to  4,860 

84  minutes 

4.0  QUALIFICATION  REQUIREMENTS 
4.1  Data  Required 

The  following  data  shall  be  supplied  as  part  of  the  qualification  test: 

(a-)  Qualification  Test  Procedure  -  Fire  (5)  copies  of  the  proposed 

Qualification  Test  Procedure  shall  be  submitted  to  the  Contracting 
Agency  prior  to  testing. 

(b)  Bearing  Failure  -  A  history  of  bearing  failure  and  malfunctions 
during  qualification  testing  shall  be  provided. 

(c)  Stress  Report  -  Two  (2)  copies  of  a  stress  analysis  of 
the  unit  shall  be  provided. 

(d)  Effects  of  Flight  Inertia  Loads  -  Two  (2)  copies  of  an  analysis 
of  the  unit  considering  the  effects  of  "g"  loading  as  specified 
in  Paragraph  3.1  (d)  shall  be  submitted. 


(e)  Clearance  Analysis  -  An  analysis  of  clearances,  certifying  that 

binding  will  not  occur  at  extreme  temperatures  with  worst  tolerance 
build-up  shall  be  supplied. 
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4.2  Test  Conditions 

4.2.1  Environment 

The  qualification  testa  shall  be  accomplished  with  the  unit 
subjected  to  the  environmental  conditions  specified  in  Specification  PS-412. 

4.2.2  Valve  Operation 

Operation  of  the  control  valve  shall  be  accomplished  manually 
In  all  of  the  tests  unless  specifically  noted  otherwise. 

4.3  Qualification  Tests 

The  unit  shall  be  subjected  to  the  functional  and  endurance  tests  as 
specified  in  Specification  PS-412. 

^.0  APPLXCABIE  DOCUKOTTS  AND  DRAWINGS 
5*1  Applicable  Documents 

The  following  documents  of  the  issue  in  effect  on  date  of  contract 
fora  a  part  of  this  specification  to  the  extent  specified  herein: 

MIIi-P-8564c  Pneumatic  System  Components,  Aeronautical  General 
Specification  for 


MIL-P-5518C 

MIL-E-5400 

MIL-E-5272C 

MIL-S-4040C 

MIL-A-8629 

(AER) 

MIL-P-5514B 


Pneumatic  Systems,  Aircraft;  Design,  Installation, 
and  Data  Requirements  for 

Electronic  Equipment  -  Airborne  General  Specification  for 

Environmental  Testing,  Aeronautical  and  Associated 
Equipment,  General  Specification  for 

Solenoid,  Electrical,  General  Specification  for 

Airplane  Strength  and  Rigidity 

Packings,  Installation  and  Gland  Design  and  Aircraft 
Hydraulic  and  Pneumatic 
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5*2  Applicable  Drawings 

The  following  drawings,  Incorporating  the  revisions  noted,  shall  for* 
a  part  of  this  specification  to  the  extent  specified  herein: 

BWD  2161696  Layout,  F101B  Airplane  Rudder  Control  Gystea, 

Power  Cylinder  Linkage 

BRLD  2162309  F101B  Rudder  DYRAVBCTOR  Actuator 


21X6 
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This  design  specification  presents  the  requirements  for  a  manual  servovalve 
for  use  in  a  pneumatic  rudder  control  system  described  in  Specification  DS-747. 

The  valve  shall  accept  a  command  input  by  direct  mechanical  linkage  to  the  pilot 
and  a  mechanical  command  from  the  stability  augmentation/autopilot  system. 

2.0  DESIGN  REQUIREMENTS 

2. 1  Material  and  Workmanship 

2.1.1  Materials  and  workm.  'hip  shall  be  stated  In  Specifications 
MIL- P-8564C.  MIL-F-5518C.  and  MIL-E-54  ,0. 

2.1.2  Metals 

.  All  metals  used  in  construction  shall  be  corrosion  resistant 

and/or  suitably  protected  to  resifct  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  shall  be  avoided  when¬ 
ever  practicable. 

2.1.3  Weight  of  Materials 

Materials  of  the  lightest  possible  weight,  consistent  with  the 
service  and  strength  requirements,  shall  be  used. 

2.1.4  Non-Standard  Material  Approval 

Approval  for  the  use  of  non-standard  parts  snd  materials  shall 
be  in  accordance  with  Specification  MIL-P-8564C. 

2.1.5  Strength 


analysis  of  the  unit: 


The  following  safety  factors  shall  be  applied  to  the  stress 

(a)  Yield  Strength  B  1.3  x  Desijn  Yield  Strength 

(b)  Ultimate  Strength  *  1.5  x  Design  Ultimate  Strength 
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The  unit  ahall  conform  to  the  dimenaional  envelope  of  drawing  2162309 
and  the  design  data  noted  thereon. 

2.3  Installation 

The  manual  servovalve  shall  be  installed  per  drawing  2162309  and  shall 
be  adaptable  to  the  corresponding  power  actuator.  Installation  must  be  performed 
in  such  a  way  as  to  meet  the  following  requirements: 

(a)  The  force  applied  by  the  pilot  or  automatic  valvi  o  the  manual 
valve  as  seen  by  the  manual  valve  to  obtain  1.0  in/sec  output 
velocity  shall  not  exceed  0.5  pound. 

(b)  In  manual  mode,  the  manual  servovalve  shall  be  capable  of 
controlling  the  power  actuator  output  displacement  at  amplitudes 
up  to  *  27  degrees.  When  responding  to  automatic  mode  commands 
the  manual  servovalve  shall  lirr. !t  the  power  actuator  output  to 

an  amplitude  of  ±  5  degrees. 

(c)  The  manual  valve  shall  be  the  controlling  valve  of  the  servomotor/ 
actuator  assembly. 

2.4  Weight 

The  manual  servovalve  shall  have  a  weight  goal  of  0.9  pound. 

2.5  Instrumentation 

The  valve  ahall  be  compatible  with  suitable  Instrumentation  to  monitor 
valve  spool  position  and  input  signal. 

3.0  PERFORMANCE  REQUIREMENTS 

3.1  Environmental  Operating  Conditions 

The  manual  servovalve  shall  he  designed  to  operate  under  the  following 
,  ground  and/or  flight  conditions: 

(a)  Temperature  -  Gas  temperature  ol  100*F  to  450*F 

Ambient  temperature  of  -65*F  to  270*F 
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(b)  Working  Fluid  -  The  working  fluid  shall  be  air. 


(c)  Supply  Preaaure  -  50  paig  ±  5  palg. 


(d)  Altitude  -  Sea  level  to  50,000  feet. 


(e)  Flight  Acceleration  Loada  -  The  unit  shall  be  able  to  withstand, 
without  failure,  a  1  7. Op;  ultimate  acceleration  force  In  any  direc¬ 
tion  and  shall  operate  satisfactorily  without  malfunction  under 
12, Og  loa^Pacceleration. 


Input  Characteristics 


(a)  Signal  -  Position  Demand. 

(b)  Rated  Input  -  ±  0.020  in.+  ±  0.180  lost  motion. 


(c)  Maximum  Input  Force  -  1.0  ±  0.1  lbs  at  spool  centerline. 


Output  Characteristics 


(a)  Blocked  Port  Pressure  Cain  -  10  psi  per  percent  of  rated  input 

(b)  Maximum  Blocked  Port  Pressure  Differential  -  (min.)  48  paid 
at  50  psig  supply  pressure. 

(c)  Rated  No  Load  Flow  -  0.048  ±  0.004  lbs/sec  at  50  psig  supply 
pressure*  (70*F  gas  temperature). 


Input-Output  Characteristics 


(a)  Hysteresis  -  ±  3  percent. 


(b)  Linearity  -  ±  5  percent. 
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1.0  DESCRIPTION 

This  design  specification  presents  the  requirements  for  an  automatic  servo¬ 
valve  1  or  use  in  a  pneumatic  rudder  control  system  described  in  Specification  DS-747. 
The  unit  shall  accept  an  input  from  a  fluid  interaction  amplifier  and  shall  be  con¬ 
sistent  with  the  requirements  set  forth  in  this  specification. 

2.0  DESIGN  REQUIREMENTS 

2.1  Material  and  Workmanship 

2.1.1  Materials  and  workmanship  shall  be  as  stated  in  Specifications 
MIL-P-8564C,  MIL-P-5518C,  and  MIL-E-5400. 

2.1.2  Metals 

All  metals  used  in  construction  shall  be  corrosion  resistant 
and/or  suitably  protected  to  resist  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  shall  be  avoided  when¬ 
ever  practicable. 

2.1.3  Weight  of  Materials 

Materials  of  the  lightest  possible  weight,  consistent  with  the 
service  and  strength  requirements,  shall  be  used. 

2.1.4  Non-Standard  Material  Approval 

Approval  for  the  use  of  non-standard  parts  and  materials  shall 
be  in  accordance  with  Specification  MIL-P-8564C. 

2.1.5  Strength 

The  following  safety  factors  shall  be  applied  to  the  stress  analysis 

of  the  unit: 

(a)  Yield  Strength  =  1.3  x  Design  Yield  Strength 

(b)  Ultimate  Strength  =  1.5  x  Design  Ultimate  Strength 
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2.2  Size 


The  unit  shall  conform  to  the  envelope  thown  on  drawing  2162309  and 
the  design  data  noted  thereon. 

2.3  Installation 

The  automatic  servovalve  shall  be  installed  per  drawing  2162309  and 
shall  be  compatible  with  the  corresponding  automatic  actuator. 

2.4  Weight 

The  automatic  servovalve  shall  have  a  weight  goal  of  0.5  pound. 

2.5  Instrumentation 

The  automatic  servovalve  shall  be  provided  with  suitable  instrumenta¬ 
tion  to  monitor  the  input  signal  to  the  valve  and  the  valve  spool  position. 

3.0  PERFORMANCE  REQUIREMENTS 

3.1  Environmental  Operating  Conditions 

The  automatic  servovalve  shall  be  designed  to  operate  under  the  follow¬ 
ing  ground  and/or  flight  conditions: 

(a)  Temperature  -  Gas  temperature  of  100*F  to  450*F. 

Ambient  temperature  of  -65*F  to  270*F. 

(b)  Working  Fluid  -  The  working  fluid  shall  be  air. 

(c)  Supply  Pressure  Range  -  50  psig  ±  5  psig. 

(d)  Altitude  -  Sea  Level  to  50,000  feet. 

(e)  Flight  Acceleration  Loads  -  The  unit  shall  be  able  to  withstand, 
without  failure,  a  17. Og  ultimate  acceleration  in  any  direction  and 
shall  operate  satisfactorily  without  malfunction  under  a  lZ.Og 
load  acceleration  in  any  direction. 


(f)  Natural  Frequency  -  The  automatic  servovalve  shall  have  a  natural 
frequency  of  30  cps.  minimum. 
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3.2  Input  Characteristics 

(a)  Signal  -  Differential  pressure  *5  paid 

(b)  Quiescent  Pressure  -  40  psia  ±  5  psi 

(c)  Rated  Flow  -  0.0002  Ibs/sec 

3.3  Output  Characteristics 

(a)  Blocked  Part  Pressure  Gain  -  10  psi  per  percent  of  rated  input. 

(b)  Maximum  Blocked  Part  Pressure  Differential  (min)  -  40  paid. 

(c)  Rated  No  Load  Flow  -  0.0015  ±  0.0004  lbs/sec 

3.4  Input  -  Output  Characteristics 

(a)  Hysteresis  -  The  valve  shall  have  a  hysteresis  limit  of  1  percent. 

(b)  Linearity  -  ±5  percent 

(c)  Frequency  Response 

(a)  -3db  Amplitude  -  80  cps 

(b)  90*  Phase  Shift  -  50  cps 

(d)  Resolution  -  1  percent  rated  input. 
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1.0  Deacriptlon 

Thla  design  specif lcation  preaenta  the  requirement*  for  a  pneumatic  tooth 
clutch  for  uae  in  the  pneumatic  rudder  control  system  described  In  Specification 
DS-747.  The  clutch  will  provide  for  dlaengagement  of  the  pneumatic  servo- 
machanlam  whan  operation  In  the  hydraulic  mode  la  commanded  and  ahall  be  conaletent 
with  the  raqulrementa  aet  forth  In  this  apeclf lcation. 

2.0  Design  Requirements 

2.1  Material  and  Workmanship 


2.1.1  Materials  and  workmanship  shall  be  aa  stated  In  Specifications 
MIL-P-8564C,  MIk-P-5518C,  and  MIL-E-5400. 

2.1.2  Metals 

All  metals  used  in  construction  shall  be  corrosion  resistant 
and/or  suitably  protected  to  resist  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  ahall  be  avoided  whenever 
practicable. 

2.1.3  Weight  of  riaterlala 


Materials  of  the  lightest  possible  we.  it,  consistent  with  the 
service  and  strength  requirements,  shall  be  used. 


2.1.4 


Approval  for  the  use  of  non-standard  parts  and  materials  shall 
be  in  accordance  with  Specification  MIL-P-8564C. 

2.1.5  Strength 


The  following  safety  factors  shall  be  applied  to  the  stress 
analysis  of  tha  unltt 


(a)  Yield  Strength 

(b)  Ultimate  Strength 


-  1.3  x  Design  Yltld  Strength 

-  1.5  x  Design  Ultimate  St rang 
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2.1.6  Bearings  and  Seals 

Bearings  and  aeala  incorporated  into  the  clutch  design  shall 
ba  capable  of  operation  under  the  envlronaiental  conditions  set  forth  in  Section  3.1 
of  this  specification. 

2.2  Site  and  Weight 

The  unit  shall  confona  to  the  dimensional  envelope  indicated  on 
drawing  2162309  and  the  design  data  noted  thereon  Mid  have  a  weight  goal  of 
S  pounds. 

2.3  Installation 

The  pneumatic  tooth  clutch  shall  be  installed  per  the  installation 
drawing  2161693. 

2.4  Instrumentation 

The  pneumatic  clutch  shall  be  provided  with  instrumentation  to 
indicate  engagement  and  disengagement. 

3.0  Performance  Requirements 

3.1  Environmental  Operating  Conditions 

The  clutch  ahall  be  designed  to  operate  under  the  following  ground 
and/or  flight  conditions: 

(a)  Temperature  -  Cas  temperature  of  10C*  to  450#P 

(b)  Supply  Css  -  Air 

' » 

(c)  Supply  Pressure  -  50  psig  minimum 

(d)  Altitude  -  Sea  level  to  50,000  feet 

(a)  Flight  Acceleration  Loads 

Tne  unit  shall  be  structurally  able  to  withstand  without 
failure  a  17.0  g  ultimate  acceleration  force  In  auy  direction  and  shall  operate 
satisfactorily  without  sm  If  unction  under  a  12.0  g  acceleration  force  In  any  dlrectlok 
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Tl>e  clutch  ahall  Incorporate  design  features  such  thatt 

(a)  The  pneumatic  servomechanism  can  be  disengaged  when  operation 
in  the  hydraulic  mode  is  commanded. 

(b)  The  pneumatic  servomechanism  can  be  disengaged  when  a 
hard-over  signal  it  experienced  by  the  pneumatic  servo 
package  in  the  automatic  mode. 

(c)  Clutch  engagement  can  occur  only  when  the  pneumatic  aervo- 
mechanlam  output  position  is  in  phase  with  rudder  position. 

(d)  The  clutch  will  disengage  mechanically  when  loss  of  supply 
pressure  occurs. 

Torque  Capacity  -  10,500  in- lb 

Power  Capacity  -  1.54  up 
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1.0  Description 

This  design  specification  presents  the  requirements  for  a  pneumatic  position 
transducer  for  use  in  a  pneumatic  rudder  control  system  described  in  Specification 
DS-747.  The  position  transducer  will  h*  used  in  the  automatic  valve,  position 
control  loop  and  shall  conform  to  thu  requirements  set  forth  in  this  specification. 

2.0  Design  Requirements 

2.1  Haterlal  and  Workmanship 

2.1.1  Materials  and  workmanship  shall  be  as  stated  in  Specifications 
MIL-P-8564C,  MIL-P-5518C,  and  MIL-E-5400. 

2.1.2  Metals 

All  metals  used  in  construction  shall  be  corrosion  resistant 
and/or  suitably  protected  to  resist  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  shall  be  avoided 
whenever  practicable. 

?-1.3  Weight  of  Materials 

Materials  of  the  lightest  possible  weight ,  consistent  with 
the  service  and  strength  requirements,  shall  be  used. 
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Approval  for  the  use  of  non-standard  parts  and  materials  shall 
be  In  accordance  with  Specification  MIL-P-8564C. 

2.1.5  Strength 

The  following  safety  factors  shall  be  applied  to  the  stress 
analysis  of  the  unit: 

(a)  Yield  Strength  »  1.3  x  Design  Yield  Strength 

(b)  Ultimate  Strength  *  1.5  x  Design  Ultimate  Strength 
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2.2  Dimension 

The  unit  shall  be  of  minimum  site  capable  of  performance  per 
3.2,  3.3,  and  3.4. 

2.3  Installation 

The  transducer  shall  be  designed  directly  into  the  actuator  housing 
and  output  shaft  and  does  not  add  weight  to  the  unit. 

3.0  Performance  Requirements 

3.1  Environmental  Operating  Conditions 

The  position  transducer  shall  be  designed  to  operate  under  the 
following  ground  and/or  flight  conditional 

(a)  Temperature  -  Cas  temperature  of  100*  to  450#F 

(b)  Working  Fluid  -  The  working  fluid  shall  be  air. 

(c)  Supply  Pressure  -  50  psig  +  5  psig 

(d)  Altitude  -  Sea  level  to  50,000  feet. 

(e)  Flight  Acceleration  Loade  -  The  unit  shall  ba  structurally  able 
to  withstand  without  failure  a  17.0  g  ultimate  acceleration  in  any  direction  and 
shall  operate  satisfactorily  without  malfunction  under  a  12.0  g  acceleration  in  any 
direction. 

3.2  Input  Characteristics 

(a)  Signal  -  Angular  Position 

(b)  Rated  Input  -  *  5* 

3.3  Output  Characteristics 


(a)  Output  Pressure  -  20  psia  *  5  psi 
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1.0  DESCRIPTION 

This  design  specification  presents  the  requirements  for  a  fluid  interaction 
servo  amplifier  for  use  in  a  pneumatic  rudder  control  system  described  in  Specifi¬ 
cation  DS-747.  The  amplifier  is  to  consist  of  a  proportional  vortex  summing  ampli¬ 
fier  with  isolated  inputs  consisting  of  position,  demand,  and  amplifier  feedback  signals 
and  a  jet  type  amplifier  that  raises  amplifier  output  pressure  level  and  allow*  it  to 
be  fed  back  for  gain  adjustment  and  possible  servo  compensation. 

2.0  DESIGN  REQUIREMENTS 

l 

2.1  Material  and  Workmanship 

2.1.1  Materials  and  workmanship  shall  be  as  stated  in  Specifications 
MIL-P-8564C,  MIL-P-5518C,  and  MIL-E-5400. 

2.1.2  Me  tal  s 

All  metals  used  in  construction  shall  be  corrosion  resistant 
and/or  suitably  protected  to  resist  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  shall  be  avoided  when* 
ever  practicable. 

2.1.3  V>ight  of  Materials 

Materials  of  the  lightest  possible  weight,  consistent  with  the 
service  and  strength  requirements,  shall  be  used. 

2.1.4  Non-Standard  Material  Approval 

Approval  for  the  use  of  non-standard  parts  and  materials  shall 
be  in  accordance  with  Specification  MIL-P-8564C. 
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2.1.5  Strength 


of  the  unit: 
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The  following  safety  factors  shall  be  applied  to  the  stress  analysis 

(a)  Yield  Strength  *  1.3  x  Design  Yield  Strength 

(b)  Ultimate  Strength  =  1.5  x  Design  Ultimate  Strength _ 
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2.2  Site  and  Weight 

The  unit  shall  conform  to  an  envelope  diman.aion  of  0.5  in  square  by 
0.75  in  and  shall  have  a  weight  goal  of  1.0  ounce. 

3.0  PERFORMANCE  REQUIREMENTS 


3.1  Environmental  Operating  Conditions 

The  amplifier  shall  be  designed  to  operate  under  the  following  ground 
and/or  flight  conditions: 

(a)  Tempe rature  -  Gas  temperature  of  100*F  to  450#F 

Ambient  temperature  of  -65*F  to  270*F 

(b)  Working  Fluid  -  The  working  fluid  shall  be  air. 

3.2  Input  Characteristics 

(a)  Input  No.  1  - 

(1)  Input  Signal  -  Differential  Pressure 

(2)  Input  Pressure  -  ±2  psid 

(3)  Input  Quiescent  Pressure  -  20  psia  ±  5  P*l 

(4)  Input  Impedance  Characteristics  -  The  unit  shall  conform 
to  the  input  characteristics  of  Figure  1. 

(b)  Input  No.  2  - 

(1)  Input  Signal  -  Differential  Pressure 

(2)  Input  Pressure  -  *2  psid 

(3)  Input  Quiescent  Pressure  -  20  psia  k  5  psl 

(4)  Input  Impedance  Characteristics  The  unit  shall  conform 
to  the  input  characteristics  of  Figure  1. 
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3.3  Output  Characteristics 

(a)  Output  Signal  -  Differential  Pressure 

(b)  Output  Preeaure  -  *5  paid  minimum 

(c)  Output  Quiescent  P feature  -  40  ptla  *  5  pel 

(d)  Output  Impedance  Characterletlca  -  The  unit  shall  conform 
to  the  output  characteristics  of  Figure  2. 

(e)  Absolute  Pressure  Gain  -  5  psi/pei  ±  50  percent 

3.4  Linearity 

A  5  percent. 

3.5  Frequency-Response 

The  response  of  the  unit  shall  be  within  the  range  Indicated  in  Figure  3. 
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1.0  DESCRIPTICR 

This  design  specification  presents  the  requirements  for  a  power  supply 
regulator  for  use  In  a  pneumatic  rudder  control  system  described  In  Specifi¬ 
cation  DG-7^7 •  The  regulator  shall  be  designed  to  maintain  a  constant  supply 
pressure  to  provide  a  constant  maximum  actuator  output  force. 


2.0  DESIGN  RBlUIRaffiWTS 

2.1  Material  and  Workmanship 


2.1.1  Materials  and  workmanship  shall  be  as  stated  In  Specifications 
MIL-P-0564C,  MI L-P- 5510C,  and  MJL-E-5LOO. 

2.1.2  Metals 

All  metals  used  In  construction  shall  be  corrosion  resistant 
and/or  suitably  protected  to  resist  corrosion  during  the  expected  service  and 
storage  life  of  the  unit.  The  use  of  dissimilar  materials  shall  be  avoided 
whenever  practicable. 

2.1.3  Weight  of  Materials 


Materials  of  the  lightest  possible  weight,  consistent  with 
the  service  and  strength  requirements,  shall  be  used. 

2.1.4  Non-Standard  Material  Approval 

Approval  for  the  use  of  non-standard  p'trto  and  materials  shall 
be  in  accordance  with  Specification  MIL-P-fl564c. 

2.1.5  Strength 

The  following  safety  factors  shall  be  applied  to  the  stress 
analysis  of  the  unit: 


(a)  Yield  Strength 

(b)  Ultimate  Strength 


■  1.3  x  Design  Yield  Strength 

■  1.5  x  Design  Ultimate  Strength 
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2.2  disc 

The  unit  shall  be  of  minimum  else  and  weight  consistent  with 
aircraft  design. 

2.3  Installation 

The  regulator  shall  be  Installed  per  the  installation  drawing 
2161698  and  shall  be  capable  of  controlling  supply  pressure  to  the  pneumatic 
servomechanism. 

2.4  Instrumentation 


Suitable  instrumentation  shall  be  provided  to  monitor  regulator 


output. 


3.0  PERFORMANCE  RB3UIRBGHTS 

3-1  Environmental  Operating  Conditions 


The  regulator  shall  be  designed  to  operate  under  the  following 
ground  and/or  flight  conditions: 

(a)  Temperature  -  Has  temperature  of  100°  to  450°F 

Ambient  temperature  of  -65° to  270°F 


(b)  Working  Fluid 

(c)  Supply  Pressure  Range 

(d)  Ambient  Pressure  Range 

(e)  Flight  Acceleration  Loads 


The  working  fluid  shall  be  air. 
-  50  to  200  psig 

lU.7  to  I.69  psia 


Flight  Acceleration  Loads  -  The  unit  shall  be  able  to 
withstand,  without  failure,  a  17>0  g  ultimate  acceleration 
force  in  any  direction  and  shall  operate  satisfactorily 
without  malfunction  under  a  12.0  g  load  in  any  direction. 


3.2  Output  Characteristics 

(a)  Regulated  Output  Pressure  Rang 

(b)  Output  Flow  Range  (70^) 


50-5  P*«ig 

0.1  lbs/sec  to  0.01  lbs/sec 
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1.0  DESCRIPTION 


This  design  specification  presents  the  linkage  and  installation  requirements 
for  a  pneumatic  rudder  control  jvstem  described  in  Specification  DS-747. 

2.0  DESIGN  REQUIREMENTS 

2.1  Linkage  Requirements 

All  linkage  of  the  control  unit  and  of  the  control  unit  to  input  and  output 
members  of  the  aircraft  shall  be  consistent  with  the  following  requirements: 

(a)  Linl  age  members  shall  operate  in  an  environmental  temperature 
range  of  -65*F  to  270*F. 

(b)  Materials  used  in  linkages  shall  be  capable  of  transmitting  forces 
specific  to  each  linking  member  without: 

(1)  undue  stress  or  strain  on  linkage  or  system  components. 

(2)  exci  "sive  friction  or  interference. 

(c)  All  linkage  systems  shall  be  consistent  with  the  drawing  2161698. 

2.2  Installation  Requirements 

Installation  shall  be  performed  per  the  installation  drawing  2161698. 
Care  should  be  taken  that  all  fastening  and/or  locking  materials  are  functional  at 
all  environmental  conditions  of  the  unit. 

The  entire  rudder  control  system  shall  be  so  designed  as  to  allow  for 
installation  through  the  compartment  doors,  54  and  56,  shown  on  Macdonnell  Con¬ 
struction  Drawing  20-34204. 
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1.0  PURPOSE  OF  TEST  PLAN 


This  preliminary  teat  plan  defines  the  iunctional  check-out  teats  and  life 
endurance  teats  to  be  imposed  on  a  rotary  pneumatic  10,200  in-lb  torque 
capacity  DYNAVECTOR.  The  functional  check-out  testa  will  be  conducted  both 
prior  to  life  testing  and  after  actuator  refurbishment  at  the  conclusion  of  the 
life  test  before  delivery. 


2.0  LOO  BOOK  DOCUMENTATION 

An  equipment  log  shall  be  compiled  for  the  DYNAVECTOR  Actuator  and  shall 
contain  the  following  items: 

2.1  Title  Pagf  xjg  Book  Rotary  Pneumatic  DYNAVECTOR  Model  _ . 

Serial  Number  _ ,  BRLD  Project  _ ,  Wright -Patterson 

Air  Force  Base  Contract  _ . 

2.2  Table  of  Contents 


Specify  the  following  as  applicable  documents: 

(a)  DYNAVECTOR  Assembly  Drawing _ _ . 

(b)  Check-Out  Test  Fixture  Schematic  and  Equipment  Lists. 

(c)  Life  Test  Fixture  Schematic  and  Equipment  Lists. 

(d)  Preliminary  Design  Specification. 

2.4  Section  H,  Inspection  Reports 

All  inspection  reports  pertaining  to  the  actuator  assembly  deliver¬ 
able  hardware  are  to  be  compiled  in  this  section.  If  any  part  initially 
rejected  by  inspection  is  used  in  the  actuator  assembly,  a  copy  of  the  report 
defining  part  disposition  and  statement  of  subsequent  acceptance  (rework, 
waiver,  etc.)  is  to  be  incorporated  in  Section  II. 
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2.5  Section  ITT,  Calibration  Data 


State  teat  equipment  uBed  and  calibration  history  of  said  equipment . 

2  .6  Section  IV,  Functional  Check-Out  Test  Data 

A  compi  lation  of  all  check-out  data  prior  to  life  tests  and 
observations  <  at  articles  find  test  stand  functioning  shall  be  entered  in 
this  Section. 

2.7  Section  V,  Life  Test  Data 

A  compilation  of  all  life  test  data  accumulated  and  observations 
of  test  articles  and  test  stand  functioning  shall  be  entered  in  this  Section. 

2.8  Section  VI,  Refurbished  Assembly  Functional  Check-Out  Test  Data 


A  compilation  of  all  check-out  data  recorded  on  the  refurbished  unit 
prior  to  shipment  to  the  customer  and  observations  of  said  unit  and  test  stand 
functioning  shall  be  entered  in  this  Section. 


2.9  Section  VII 


ineering  Release  Notices,  Change  Notices,  and  E.I.  Forms 


Copies  of  all  drawing  release  notices,  change  notices  and  engineering 
instruction  forms  of  deliverable  hardware  are  to  be  included  in  this  Section. 

2.10  Section  VTTT,  Functional  Check-Out  Operating  Events 


Record  each  time  deliverable  hardware  is  tested  during  check-out 
tests  prior  to  life  tests  and  define  adjustments  or  modifications  required  to 
operate  deliverable  hardware  and/or  test  equipment  (repairs,  rework,  inspections 
and  maintenance).  Test  data  is  to  be  recorded  in  Ejection  IV. 

2.11  Section  IX,  Life  Test  Operating  Events 


Record  sequence  of  life  tests  and  define  adjustments  or  modifications 
required  to  operate  deliverable  hardware  and/or  test  equipment  (repairs,  rework, 
inspection,  and  maintenance).  Test  data  is  to  be  recorded  in  Section  V. 
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2.12  Section  X,  Refurbished  Assembly  Functional  Check-Out 


tins  Events 


Record  each  time  deliverable  hardware  is  tested  and  deline  adjustments 
or  modifications  required  to  operate  deliverable  hardware  und/or  test  equip¬ 
ment  (repairs,  rework,  inspection,  ar.d  maintenance) .  Test  data  is  to  be 
recorded  in  Section  VI . 

2.13  Section  XI,  Failure  Reports 


A  copy  of  BRLD  failure  data  report  BC-RLD-47  shall  be  filed  In  this 
section  in  the  event  of  catastrophic  or  degradation  failure  of  deliverable 
hardware  during  any  deliverable  hardware  tests. 

3-0  TEST  CONDITIONS 

3.1  Test  Media 

Tests  shall  be  performed  with  ai  or  nitrogen  except  that  burst 
pressure  tests  may  be  performed  with  a  liquid. 


All  room  temperature  tests  Bhall  be  conducted  with  the  ambient  and 
inlet  test  media  temperatures  between  70°F  and  120  F.  The  temperature  tests 
hall  be  conducted  with  in  the  following  temperature  ranges: 

Gas  Temperature  100°F  to  450°F 

Ambient  Temperature  -65°F  to  275°? 

3.3  Filtration 

The  test  media  shall  be  continuously  filtered  through  a  filter  element 
which  is  equivalent  to  a  10-micron  nominal  standard  filter  element.  The  filter 
and  element  shall  be  satisfactory  for  the  temperature  range  encountered  and 
cleaned  or  changed  regularly  to  avoid  clogging. 
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4.0  TEST  REQUIRBOTIT8 

All  of  the  tests  except  the  vibration  and  shock  test  will  be  conducted 
with  a  load  test  fixture  capable  of  producing  a  spring-rote  characteristic 
load  of  270  in -lbs /degree  with  a  stall  torque  copabillty  of  10,700  in-lbs. 

4.1  Functional  Check-Out  Tests 


All  tests  are  tc  be  conducted  under  room  temperature  conditions 
unless  specified  otherwise. 

4.1.1  Examination  of  Product 


Each  component  shall  be  carefully  examined  to  determine 
conformance  to  the  requirements  of  MIL-P-fl564c  for  design,  weight,  workmanship, 
marking,  conformance  to  applicable  drawings  and  for  any  visible  defects. 

4.1.2  Break-In  Run 

The  break-in  run  shall  be  for  a  duration  of  one  (l)  hour 
minimum.  Shaft  torque  loading  may  be  constant  or  vary  sinusoidally  so  as  to 
lj^tose  a  peak  actuator  pressure  differential  of  25^  maximum  required  pressure 
differential  to  produce  10,200  in-lbs  torque.  Shaft  speed  may  be  constant 
at  a  minimum  of  60  degrees  per  second  or  vary  sinusoidally  from  zero  to  60 
degrees  per  second  maximum. 

After  the  break-in  run,  the  actuator  shall  be  disassembled  and 
examined.  If  all  parts  are  in  acceptable  condition,  the  a:tuator  shall  be 
reassembled  and  tests  continued  per  4.1.3.  IT  working  parts  require  replace¬ 
ment,  the  actuator  shall  be  reassembled  using  the  replacement  parts,  and  the 
break-in  run  and  subsequent  disassembly,  examination,  ind  reassembly  repeated. 
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4.1.3  Proof  Pressure  T«st 

A  proof  pressure  of  300  pel  shall  be  applied  after  the 
servomechanism  has  been  at  a  soak  temperature  of  275  F  for  a  period  of  72 
hours  for  at  least  two  (2)  successive  times  and  held  two  (2)  minutes  for  each 
pressure  application.  The  unit  shall  be  operated  in  its  normal  function 
between  applications  of  the  test  pressure  with  ambient  temperature  of  275°^*  and 
test  media  temperature  of  450°F.  There  shall  be  no  evidence  of  excessive 
external  leakage,  excessive  distortion,  or  permanent  set. 

4.1.4  Extreme  Temperature  Functioning  Tests 


4. 1.4.1  Low  Temperature 

The  unit  shall  be  connected  to  a  50  psig  supply 
pressure  and  maintained  at  a  temperature  not  warmer  than  -65°F  for  4  hours 
after  the  temperature  has  stabilized  at  -65°F.  After  this  period  the  servo¬ 
mechanism  shall  be  actuated  at  least  10  times .  Variation  in  torque-speed 
performance  shall  not  exceed  1  left  of  design  value.  Increase  in  temperature 
during  the  test  owing  to  operation  is  permitted. 

4. 1.4. 2  Intermediate  Temperatures 


Immediately  following  the  low  temperature  test 
(4. 1.4.1)  the  test  arrangement  shall  be  warmed  rapidly  to  a  temperature  of 
275°F«*  Whil?  the  temperature  is  being  raised,  the  servomechanism  shall  be 
actuated  at  maximum  increments  of  70°F  to  determine  satisfactory  operation 
throughout  the  temperature  range.  These  check  tests  shall  be  made  without 
waiting  for  the  temperature  of  the  entire  servomechanism  to  stabilize. 

4. 1.4. 3  High  Temperature  Test 

The  temperature  shall  be  maintained  at  275°F  for 
a  length  of  time  sufficient  to  allow  all  parts  of  the  servomechanism  to  obtain 
the  temperature.  The  servomechanism  shall  then  be  actuated  at  least  ten  (10) 
times  at  an  ambient  temperature  of  275°F  and  test  media  temperature  of  450^. 
Variation  in  torque-speed  performance  shall  not  exceed  *  10^  of  the  design 
value . 
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4. 1.4. 4  Reversion  to  Hydraulic  Mode 


The  servomechanism  shall  be  checked  for  satisfactory 
reversion  to  hydraulic  operation  upon  command  or  loss  of  pneumatic  supply 
pressure  per  D3-747  during  the  above  room  temperature,  low  temperature  and  high 
temperature  tests.  This  test  is  to  include  actuation  of  the  pneumatic  tooth 
clutch. 

4.1.5  Frequency  Response  Tests 

Frequency  responeie  tests  shall  be  conducted  under  no-load 
conditions  (actuator  decoupled  from  load  mechanism)  and  against  a  torque  load 
(actuator  driving  load  mechanism  spring  rate  and  inertia  about  a  zero  deflec¬ 
tion  null). 

During  all  tests  the  actuator  output  shaft  speed  shall  be 
velocity  limited  to  60  degrees  per  second.  Tests  shall  be  conducted  to 
establish  the  frequency  to  effect  a  90  degree  phase  shift  and  amplitude  decay 
of  3  db. 

4.2  Endurance  Tests 

4.2.1  High  Temperature  Test 

The  servomechanism  shall  be  subjected  to  sinusoidal  operation 
in  accordance  vith  the  following  schedule  (Table  I)  with  ambient  temperature 
at  275°F,  test  media  temperature  of  450°F,  and  a  Bupply  pressure  of  50  psig. 
After  conclusion  of  the  above  test,  soak  the  unit  at  275°F  for  two  (2)  hours. 
Pressure  is  to  be  maintained  during  the  first  hour  and  reduced  to  approximately 
zero  psi  for  the  second  hour. 
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TABLE  I 

Mode 

Amplitude 

(degrees) 

Frequency 

(cps) 

Number  of 
Cycles 

Linear  Load 

Variation  (lb -In) 

Manual 

20 

0.435 

125,000 

No  Load 

20 

0.435 

2,500 

0-4660 

10 

0.615 

7,500 

0-2430 

10 

0.615 

7,500 

0-1620 

5 

0.071 

25,000 

0-010 

Automatic 

5 

0.071 

75,000 

No  Load 

2 

1.37 

175,000 

No  Load 

0.8 

2.18 

500,000 

No  Load 

5 

0.071 

2,500 

4100-6700 

2 

1.372 

2,500 

4900-5900 
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4 .2 .2  Low  Temperature  and  Rapid  Warn -Up  Teat 

Repeat  the  low  temperature  teat  specified  in  4. 1.4.1  at  -65°F 
and  the  intermediate  and  high  temperature  teats  specified  in  4.1.4 .2  and 
4. 1.4. 3  at  T0°F  to  120°F . 


4.2.3 


srature  Test 


Repeat  the  h'.gh  temperature  test  as  specified  in  4.2.1  except 
increase  the  number  of  cycles  by  a  factor  of  three  (3).  At  the  conclusion  of 
this  test,  repeat  the  low  temperature  test  (4.1. 4.1).  At  the  conclusion  of  this 
test,  the  unit  shall  operate  satisfactorily  and  leakage  shall  not  be  excessive. 
The  unit  shall  be  disassembled  and  carefully  inspected;  there  shall  be  no 
evidence  of  excessive  wear  in  any  part . 

4.3  Vibration  Test 

The  unit  shall  be  attached  to  a  rigid  fixture  capable  of  transmitting 
the  vibration  conditions  specified  herein.  Attachment  of  the  unit  to  the 
fixture  shall  be  made  through  the  service  mounting  which  represents  dynamically 
the  s»st  adverse  service  mounting  possible.  Ibe  unit  shall  be  subjected  to 
no-load  operation  Including  clutch  actuation  during  the  vibration  test.  Each 
resonant  and  cycling  period  shall  be  divided  into  two  (2)  parts;  the  first 
part  being  conducted  at  room  temperature  and  the  second  part  at  an  ambient 
temperature  of  275  F  and  a  test  media  temperature  of  450°F.  Tests  shall  be 
conducted  under  both  the  resonance  and  cycling  conditions  specified  herein. 

The  asplitude  of  applied  vibration  shall  be  monitored  on  the  test  fixture  near 
the  unit  mounting  points.  At  the  end  of  the  test,  the  unit  shall  be  subjected 
to  room  temperature  function  test. 
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TABLE  II 

Vibration  Teat  Schedule 


(Tima  ahosm  refer  to  one  axla  of  vibration) 


2 

3 

1  hr 

1-1/2  hr 

2  hr 

1-1/2  hr 

*  30  minute  a  at  each  reaonance 


Resonance  Teata 


Resonant  modes  of  the  unit  shall  be  determined  by  varying  the 
frequency  of  applied  vibration  aluvly  through  the  specified  range  at  vibratory 
accelerations  not  exceeding  those  shewn  in  Figure  1.  Individual  resonance 
surveys  shall  be  conducted  with  vibration  applied  along  each  axis  of  any  set  of 
three  mutually  perpendicular  axes  of  the  unit.  The  unit  shall  be  vibrated  at 
the  indicated  resonant  conditions  for  the  periods  shewn  in  the  Vibration  Test 
Schedule  (Table  II )  and  with  the  applied  double  amplitudes  of  vibratory 
accelerations  in  Figure  1.  These  periods  of  vibration  shall  be  accomplished 
vlth  vibration  applied  along  each  of  the  three  mutually  perpendicular  axes  of 
vibration.  When  more  than  one  resonance  is  encountered  vith  vibration  applied 
along  any  one  axis,  each  resonance  shall  be  sustained  for  the  period  shewn  in 
the  applicable  portion  of  the  vibration  test  schedule.  If  more  than  four 
resonances  are  encountered  vlth  vibration  applied  along  any  one  axis,  the  four 
most  severe  resonances  shall  be  chosen  for  test. 
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U . 3 .2  Cycling  Testa 


The  unit  shall  be  vibrated  under  the  cycling  conditions 
specified  herein  for  the  applicable  periods  listed  in  the  vibration  schedule 
(Table  H).  The  frequency  shall  be  cycled  between  5  and  500  cycles  per  second 
at  an  applied  double  amplitude  of  O.O36  inches  or  an  applied  acceleration  of 
^  10  g  vhichever  is  the  lover  value .  The  rate  of  change  of  frequency  shall 
be  logarithmic ,  and  such  that  15  minutes  are  required  to  proceed  from  5  to 
500  back  to  5  CP*  •  When  there  is  no  provision  for  logarithmic  cycling,  a 
linear  rate  of  frequency  change  may  be  used.  , 


4.4  Humidity  Test 

Moisture  resistance  shall  be  established  by  humidity  test  Procedure 
I  of  Specification  MIL-E-5272.  At  the  conclusion  of  this  test,  the  unit  shedl. 
operate  normally  thro'Jgh  twenty-five  (25)  cycles. 


4.5  Failure  of  Parts 

If  during  the  design  integrity  program  (qualification  testing)  the 
test  is  terminated  because  of  a  part  failure,  the  actuator  shall  be  replaced 
or  repaired  using  a  redesigned  part(s)  or  in  the  case  of  faulty  material  or 
workmanship  the  procuring  authority  may  authorize  the  installation  of  a 
part(s)  of  tho  original  design  and  the  defect  overcome. 

The  program  shall  be  considered  complete  when  all  of  the  parts 
within  the  actuator  have  been  completed  without  failure  and  the  requirements 
of  the  program  as  specified  in  the  applicable  model  specification.  Should 
the  actuator  test  be  continued  from  the  point  of  failure  with  repaired  or 
replaced  parts,  subsequent  failure  of  parts  that  have  successfully  completed 
the  total  endurance  requirement  will  not  be  considered  cause  for  rejection. 
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